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Abstract: Listeria monocytogenes can regulate and fine-tune gene expression, to adapt to diverse stress
conditions encountered during foodborne transmission. To further understand the contributions of
alternative sigma (σ) factors to the regulation of L. monocytogenes gene expression, RNA-Seq was
performed on L. monocytogenes strain 10403S and five isogenic mutants (four strains bearing in-frame
null mutations in three out of four alternative σ factor genes, ∆CHL, ∆BHL, ∆BCL, and ∆BCH, and
one strain bearing null mutations in all four genes, ∆BCHL), grown to stationary phase. Our data
showed that 184, 35, 34, and 20 genes were positively regulated by σB, σL, σH, and σC (posterior
probability > 0.9 and Fold Change (FC) > 5.0), respectively. Moreover, σB-dependent genes showed
the highest FC (based on comparisons between the ∆CHL and the ∆BCHL strain), with 44 genes
showing an FC > 100; only four σL-dependent, and no σH- or σC-dependent genes showed FC
>100. While σB-regulated genes identified in this study are involved in stress-associated functions
and metabolic pathways, σL appears to largely regulate genes involved in a few specific metabolic
pathways, including positive regulation of operons encoding phosphoenolpyruvate (PEP)-dependent
phosphotransferase systems (PTSs). Overall, our data show that (i) σB and σL directly and indirectly
regulate genes involved in several energy metabolism-related functions; (ii) alternative σ factors are
involved in complex regulatory networks and appear to have epistatic effects in stationary phase
cells; and (iii) σB regulates multiple stress response pathways, while σL and σH positively regulate a
smaller number of specific pathways.

Keywords: Listeria monocytogenes; stress response; alternative sigma factors; SigmaB; SigmaC;
SigmaH; SigmaL; RNA-Seq

1. Introduction

Bacteria may use a diverse set of strategies to survive stress conditions, including a
number of mechanisms that act at the level of transcriptional regulation. One important
regulatory mechanism in bacteria that enables the transcription of a targeted set of genes
under appropriate environmental conditions is mediated through differential associations
between various alternative sigma (σ) factors and the core RNA polymerase. Moreover,
σ factors are dissociable subunits of prokaryotic RNA polymerase responsible for pro-
moter recognition. The regulon of a single alternative σ factor can include hundreds of
transcriptional units; thus, σ factors provide an effective mechanism for simultaneously
regulating large numbers of genes under appropriate conditions. Critical phenotypic func-
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tions regulated by alternative σ factors range from bacterial sporulation to stress-response
systems [1].

Listeria monocytogenes, a Gram-positive foodborne pathogen of the Firmicutes family,
is the etiological agent of the disease known as listeriosis. As approximately 20% of
listeriosis cases result in death in humans, with an estimated annual human death toll of
approximately 255–305 in the US alone [2–4], this disease is a considerable public health
concern. As a foodborne pathogen (with 99% of human illnesses caused by a foodborne
route of infection), L. monocytogenes is exposed to a diversity of stress conditions in food-
associated environments, the food, and the host, where it has to survive passage through the
gastrointestinal tract before invasion of epithelial cells in the small intestine and subsequent
systemic spread. L. monocytogenes has a well-established ability to survive and grow under
many conditions that are typically applied to control bacterial populations in foods, such
as low pH, low temperature, and high salt conditions [5–7].

Regulation of L. monocytogenes gene expression in response to different environmental
conditions involves a number of transcriptional regulators, including more than 20 two-
component regulatory systems, transcriptional repressors such as HrcA and CtsR, the posi-
tive regulator of virulence gene PrfA [8], the branched chain amino acid sensor CodY [9],
and four alternative σ factors (σB, σC, σH, σL). However, σC, an extracytoplasmic func-
tion (ECF) σ factor, is present only in L. monocytogenes strains classified as lineage II [10].
Previous transcriptional profiling studies [11–15] have shown that at least some of these
alternative σ factors regulate large regulons (e.g., >100 genes positively regulated by σB)
and indicate considerable overlap between alternative σ factor regulons, contributing to
complex regulatory networks in this organism. Phenotypic studies have also shown that
alternative σ factors contribute to resistance to a number of stress conditions (for recent
reviews, see References [16,17]). For example, in one study, a sigL mutant presented im-
paired growth relative to the parent strain at low temperature, in the presence of salt, and
under lactic acid stress [18]. Phenotypic contributions of σC, σH, and σL to L. monocytogenes
stress resistance have been challenging to define, however, and in some studies, no clear
effects of deletions in these genes, on different stress-response phenotypes, have been
observed [12]. On the other hand, σB clearly shows robust contributions to L. monocytogenes
survival or growth under salt stress, acid stress, oxidative stress, and starvation, as sup-
ported by a number of studies [11,12,15,19–21] and as summarized in recent reviews [16,22].
Importantly, σB also plays a role in regulating virulence-related functions [17,22–27].

Tiling arrays and RNA sequencing (RNA-Seq) approaches have been used to further
characterize the L. monocytogenes σB [13,15,28] and σH [14] regulons, but these approaches
have not yet been used to characterize other alternative σ factor regulons in L. monocyto-
genes. In addition, most transcriptional profiling studies performed thus far to character-
ize L. monocytogenes alternative σ factor regulons used single σ factor deletion mutants
(e.g., a parent strain and an isogenic sigB null mutant); as it has been established in Bacillus
subtilis [28], this approach will likely not fully define alternative σ factor regulons, due to
overlaps between regulons and cooperative effects among alternative σ factors. In addition,
two recent publications used a system where σB [15] or σH [14] were overexpressed from a
rhamnose inducible promoter, in a L. monocytogenes null mutant with deletion of all four
alternative σ factor genes, to further define the σB and σH regulons, respectively. In order
to further characterize and compare the regulons for all four L. monocytogenes σ factors (σB,
σH, σC, and σL), we used a set of L. monocytogenes mutant strains that express only one of
the four alternative σ factors (from their native promotors), as well as a quadruple mutant
expressing only the housekeeping σ factor, σA. The transcriptional profiles of these mu-
tants, grown to stationary phase, were characterized by using an RNA-Seq approach. We
reasoned that comparative analyses of four strains that each express a single σ factor from
a native promotor would allow for further insights into the contributions of alternative σ

factors to regulation of stress response and metabolic functions in L. monocytogenes and
will specifically allow novel insight into epistatic and additive interactions of σ factors.
The data obtained with this approach support the notion that, across bacterial groups,
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alternative σ factors not only contribute to specific stress response, virulence, and other
functions, but also play critical roles in modulating central metabolic functions to facilitate
growth and survival under different environmental conditions.

2. Materials and Methods
2.1. Strains and Growth Conditions

RNA-Seq was performed on (i) the L. monocytogenes parent strain 10403S; (ii) four
isogenic triple mutants with internal non-polar deletions in three out of four alternative σ

factor genes (i.e., ∆CHL [FSL C3-139], ∆BHL [FSL C3-138], ∆BCL [FSL C3-137], and ∆BCH
[FSL C3-128]), thus expressing only a single alternative σ factor (i.e., σB, σC, σH, and σL,
respectively); and (iii) an isogenic quadruple mutant (i.e., ∆BCHL [FSL C3-135]), which
expresses none of the four alternative σ factors (Table 1). Mutants were constructed, using
splicing by overlap extension (SOE) PCR and standard allelic exchange mutagenesis, as
previously described [29,30]. Growth curves with three biological replicates were carried
out and showed that the five mutant strains grow similarly to the parent strain, 10403S
in BHI at 37 ◦C (Supplementary Materials Figure S1). Prior to RNA isolation, bacteria
were grown to stationary phase (OD600 = 1.0 + 3 h of incubation), in Brain Heart Infusion
(BHI) media (BD Difco, Franklin Lakes, NJ, USA), as previously described [13]. Briefly,
strains were grown in 5 mL BHI broth, at 37 ◦C, with agitation (230 rpm) for 15 h. Then, 1%
inoculum was transferred to 5 mL of pre-warmed BHI and grown to OD600 ~ 0.4. A 1%
inoculum was then transferred to a 300 mL nephelo flask (Bellco, Vineland, NJ) containing
50 mL of pre-warmed BHI. This culture was incubated at 37 ◦C, with agitation, until cells
reached stationary phase. Two independent growth replicates and RNA isolations were
performed for each strain.

Table 1. Strains used in this study.

Strain Genotype Sigma Factors Expressed

10403S Wild-type σA, σB, σC, σH, σL

FSL a C3-139 ∆sigC, ∆sigH, ∆sigL σA, σB

FSL C3-138 ∆sigB, ∆sigH, ∆sigL σA, σC

FSL C3-137 ∆sigB, ∆sigC, ∆sigL σA, σH

FSL C3-128 ∆sigB, ∆sigC, ∆sigH σA, σL

FSL C3-135 ∆sigB, ∆sigC, ∆sigH, ∆sigL σA

a FSL = Food Safety Lab.

2.2. RNA Isolation, Integrity, and Quality Assessment

Cultures grown to stationary phase were treated with RNAProtect bacterial reagent
(Qiagen, Valencia, CA, USA), according to the manufacturer’s instructions. Cell pellets were
suspended in 5 mL of TRI Reagent (Life Technologies, Gran Island, NY, USA), followed
by mechanical disruption (bead-beating with 0.1 mm acid-washed zirconium beads), and
RNA extraction, using TRI Reagent, per the manufacturer’s protocol (Life Technologies,
Gran Island, NY, USA). Total RNA was incubated with RQ1 DNase (Promega, Madison, WI,
USA), in the presence of RNasin (Promega), to remove the remaining DNA. Subsequently,
RNA was purified, using two phenol–chloroform extractions and one chloroform extraction,
followed by RNA precipitation and re-suspension of the RNA in RNAse free water. UV
spectrophotometry (Nanodrop 1000, Wilmington, DE, USA) was used to quantify and
assess purity of the RNA, with the 260 nm/280 nm ratio used to assess the presence of
proteins in the sample and the 260 nm/230 nm ratio used as a secondary quality measure,
to determine the presence of organic contaminants (e.g., Trizol, phenol, Guanidine HCL, or
guanidine thiocyanate). Efficacy of the DNase treatment was assessed by TaqMan qPCR
analysis of DNA levels of the housekeeping gene rpoB; all samples had DNA log copy
numbers ≤ 1.5 copies per 10 ng of RNA and Ct values > 35 cycles, indicating negligible
levels of DNA contamination. RNA integrity was assessed by using the 2100 Bioanalyzer
(Agilent, Foster City, CA, USA).
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2.3. mRNA Enrichment

Removal of 16S and 23S rRNA from total RNA was performed, using the MICROBExpressTM

Bacterial mRNA Purification Kit (Life Technologies, Gran Island, NY, USA) according to
the manufacturer’s protocol, with the exception that no more than 5 mg total RNA was
treated per enrichment reaction. Each RNA sample was divided into multiple aliquots
of ≤ 5 mg RNA, which were used for separate enrichment reactions. Enriched mRNA
samples were pooled and run on the 2100 Bioanalyzer (Agilent), to confirm reduction of
16S and 23S rRNA prior to preparation of cDNA fragment libraries.

2.4. Preparation of cDNA Fragment Libraries and RNA-Seq

For the non-directional runs and the directional runs, the Illumina Genomic DNA
Sample Prep kit and the Illumina Directional mRNA-Seq Library Prep kit (Illumina, Inc.,
San Diego, CA, USA) were used, respectively, according to the manufacturer’s protocol,
to fragment RNA followed by phosphatase and polynucleotide kinase (PNK) treatment,
ligations of 3′ and 5′ adapters, and reverse transcription of adapter-ligated RNA. Purified
libraries were loaded onto independent flow cells; sequencing was carried out by running
32 cycles on the Illumina Genome Analyzer.

2.5. RNA-Seq Alignment and Coverage

The 10403S finished genome was used to align Illumina RNA-Seq reads. These
alignments were performed, using the Burrows–Wheeler Aligner (BWA), which allowed
up to 2 mismatches. Coverage at each base position along the chromosome was calculated
by enumerating the number of reads that align to a given base. Coverage files and tables
are available at https://doi.org/10.7298/0mjr-6c90 (permanent link).

2.6. RNA-Seq Normalization

The RNA-Seq raw output mapped to each annotated gene was normalized by the
length of the genes and for the total number of sequenced reads in each run. The normalized
coverage is expressed as RPKM (reads per kilobase of gene length per million reads). In
order to determine the gene coverages in the replicates where the directional protocol
was not used, the proportion of reads mapping to the sense strand in the directional-run
replicate was applied to the total coverage in the non-directional replicate. Fold Changes
(FCs) were calculated for each gene, as the average normalized coverage between the
two replicates for a given triple mutant (i.e., ∆CHL, ∆BHL, ∆BCL, and ∆BCH strains)
divided by the average normalized coverage between the two replicates for the ∆BCHL
strain. RNA-Seq quantitative data have been shown to correlate well with qPCR data
in L. monocytogenes [13] and other organisms [31]. Therefore, qPCR confirmation of the
RNA-Seq findings was not deemed necessary.

2.7. Differential Expression Analysis

The differential expression of genes in different strains was statistically assessed,
using the BaySeq method, implemented in the bayseq package available from Bioconductor.
This package uses a Bayesian approach to simultaneously assess the likelihood of various
models, with each representing a possible pattern of expression for a given gene. The
total likelihood that a gene is differentially expressed in the presence of a given alternative
σ factor was calculated by summing the individual likelihoods of each model in which
that gene is differentially expressed in the presence of that alternative σ factor. Genes
were considered differentially expressed by a given alternative σ factor (e.g., σB) if they
showed a posterior probability (likelihood) PP > 0.90 of being regulated by that σ factor
from the BaySeq analysis and an FC ≥ 5.0 (e.g., σB up-regulated genes) or FC ≤ 0.2 (e.g.,
σB down-regulated genes) between the triple mutant expressing that alternative σ factor
(e.g., ∆CHL strain) and the quadruple mutant expressing none of the alternative σ factor
(i.e., ∆BCHL strain).

https://doi.org/10.7298/0mjr-6c90
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2.8. Gene Ontology (GO) Enrichment Analysis

Enrichment of gene ontology terms was assessed, using the GOseq package available
from Bioconductor. Genes were classified to the lowest possible level, followed by assign-
ment of appropriate parent terms. Enrichment analysis was carried out only for GO terms
that included at least five genes.

2.9. Identification of Pathways Regulated by Alternative Sigma Factors

Genes directly up-regulated and indirectly up- or down-regulated by σB, σC, σH, and
σL were mapped onto the L. monocytogenes 10403S BioCyc database pathway view [32].

2.10. Identification of Noncoding RNAs, 5′ and 3′ Transcript Ends, and Putative Promoters

Here, ncRNAs were defined as regions with (i) RNA-Seq coverage that does not
overlap with annotated coding sequences or genes encoding rRNAs or tRNAs on the same
DNA strand and (ii) defined breakpoints (start and end) not contiguous with a coverage
overlapping a coding sequence on the same strand. These regions could represent ncRNAs,
anti-sense RNAs, riboswitches, or small RNAs. Putative Rho-independent terminators in
the 10403S chromosome were identified, using the program TransTermHP v2.04. Putative
terminators mapping to a region where a high coverage transcript ends were manually an-
notated, while those not mapping to transcript ends were discarded. The 5′ transcript ends
were identified manually for each transcriptional unit with high coverage. Promoters for
the four alternative σ factors [12,13] as well as for the housekeeping σ factor σA (consensus
sequence: TTGACA-N17-19-TATTAT), were manually identified, using the genome browser
Artemis [33], by searching the sequences upstream the previously identified 5′ transcript
ends of each transcription unit for sequences resembling the known consensus promoter
sequences of the five σ factors.

3. Results
3.1. Transcripts for Genes Involved in Protein Synthesis, Generation of a Free Energy Source in the
Form of NADPH, and Stress Response Are Highly Abundant during Stationary Phase Growth

RNA-Seq experiments were performed, using L. monocytogenes grown to stationary
phase, as (i) a previous study [12] has shown that stationary phase can be used to study the
regulons of all L. monocytogenes alternative σ factors, (ii) it has been shown that stationary
phase represents a nutrient depletion stress and induces thiol and oxidative stress [34,35],
and (iii) because similar conditions may be encountered by L. monocytogenes present in food
and food associated environments, as well as during host infection. Growth to stationary
phase may represent not only a nutrient depletion stress but also a mild acid stress. In our
experiments, the broth pH for the parent strain (10403S) stabilized at pH 5.7 after 6 to 10 h
of growth (Figure 1), while the ∆CHL, ∆BHL, ∆BCL, ∆BCH, and ∆BCHL mutant strains
presented a final pH of 5.4 to 5.5 (after 10 h of growth; Figure 1), which is significantly
lower than that of the parent strain at the same time point (adjusted p-values < 0.05; Tukey
Honest Significant Differences). These findings suggest a reduced ability to mount an acid
stress response or an increased production of acidic by-products in the five mutant strains
characterized here.

In general, genes that showed the highest transcript levels during stationary phase,
in all six strains, encoded proteins with functions involved in response to stress. The
most abundant protein-coding transcript in the ∆BCHL mutant was fri, which encodes
the iron storage protein ferritin, involved in iron binding, virulence, and resistance to
oxidative and acid stress [36–40]. The three genes with the next highest transcript levels
in this strain encode (i) a protein (Veg) of unknown function that seems to play a role
in biofilm stimulation in Bacillus subtilis [41], (ii) the flagellin protein (flaA), and (iii) an
ABC transporter manganese-binding lipoprotein (mntA) [42]. Moreover, σA promoter
regions were identified upstream all these genes. In the parent strain 10403S, as well as
in the ∆CHL mutant strain, csbD (lmo2158) was the most abundant transcript. This gene
is preceded by an upstream σB-dependent promoter and encodes a small stress-response



Pathogens 2021, 10, 411 6 of 25

protein whose function in L. monocytogenes and B. subtilis is unclear [43]. In the ∆BCH
mutant strain, one of the most abundant transcripts is represented by an operon that
includes genes encoding D-allose-specific PTS proteins and enzymes for degradation of
allose into fructose-6-phosphate; these proteins are predicted to be part of a pathway that
allows for utilization of allose as a carbon source for glycolysis.
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Figure 1. Brain Heart Infusion (BHI) broth pH during growth for 10 h. Measurements were obtained
from three independent biological replicates. Vertical bars represent 95% confidence intervals.
Although all cultures started with very similar pH values (approximately 7.1), only the parent strain
was able to sustain a pH above 5.7 after 10 h of growth. All mutants presented a final pH below 5.5
after 10 h of growth; for all mutant strains, this pH was significantly lower than the pH for the parent
strain 10403S (p < 0.05; Tukey Honest Significant Difference test).

A cluster analysis of the RNA-Seq data for all six strains (see Table 2 for summary
statistics) was carried out, using the absolute RNA-Seq coverage expressed as RPKM,
which is a measure of the RNA abundance, in stationary phase cells. Cluster analysis of the
RPKM expression data resulted in 12 clusters (Figure 2). Three clusters (Clusters 4, 7, and
10) contained 853 genes with high overall expression in all six strains; one or more of these
clusters were enriched for genes involved in (i) protein synthesis (i.e., GO terms: structural
constituent of ribosome, translation, RNA binding and ribosome, and ribonucleoprotein
complex); (ii) iron-sulfur cluster assembly; (iii) primary metabolic process; (iv) nucleobase,
nucleoside, nucleotide, and nucleic acid metabolic process; (v) ATP binding; and (vi)
response to stress. Two clusters (Clusters 3 and 8) showed overall low expression of
198 genes. Although one of these clusters (Cluster 8) showed no significant enrichment,
the other cluster (Cluster 3) was enriched for genes involved in (i) phage assembly and (ii)
cobalamin (vitamin B12) biosynthesis. The remaining seven clusters contained genes that
were differentially expressed in one or more of the triple mutants; a detailed description
of the differentially expressed genes, based on a separate cluster analysis, is provided in
Section 3.3.



Pathogens 2021, 10, 411 7 of 25

Table 2. RNA-Seq summary data.

Strain Replicate Directional Run Number of Mapped
Reads (%) a

Coefficient of
Variation b

10403S 1 Yes 7666449 (89.5)
0.43310403S 2 Yes 10339693 (46.8)

FSL C3-139 1 Yes 15386572 (69.2)
0.451FSL C3-139 2 No 7904766 (88.4)

FSL C3-138 1 Yes 13145762 (69.1)
0.447FSL C3-138 2 No 7691707 (88.2)

FSL C3-137 1 Yes 16116345 (78.7)
0.161FSL C3-137 2 Yes 15503451 (65.6)

FSL C3-128 1 Yes 14388951 (78.4)
0.165FSL C3-128 2 Yes 16603748 (68.6)

FSL C3-135 1 Yes 9988314 (63.2)
0.705FSL C3-135 2 No 13704016 (97.4)

a Percentage of the total number of sequenced reads that mapped to the strain 10403S genome. b Coefficient of
variation between the two replicates of the same strain.
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Figure 2. K-means cluster analysis using reads per kilobase of gene length per million reads (RPKM)
values. The number of clusters (n = 12) was chosen based on figure-of-merit (FOM) analysis, to
identify groups of genes that show similar levels of expression (expressed as RPKM) across RNA-Seq
experiments. From left to right, each cluster shows the mean log10-transformed RPKM values for the
∆BCHL, ∆BCH, ∆BCL, ∆BHL, and ∆CHL mutant strains and the parent strain 10403S for all genes
in a given cluster.

3.2. Identification of Transcriptional Units, Putative Promoters, and UTRs

Overall, we identified a total of 1609 putative transcription units, including 546 puta-
tive operons, in the L. monocytogenes parent strain used here (10403S). A previous study
using a tiling array and a different strain of L. monocytogenes, EGD-e, had identified 517 oper-
ons [44]. The average operon length was 3274 nt, and the longest operon had 23,883 nt.
For 500 transcription units, the transcription start site could not be unambiguously identi-
fied due to low RNA-Seq coverage in these regions. Therefore, RNA-Seq coverage data
allowed the identification of 1109 putative transcription start sites and 5′ untranslated
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regions (5′ UTR). The average size of the 5′ UTRs was 69 nt; the longest 5′ UTR had
1698 nt (mogR). For 57 of the 1109 transcription start sites identified, a putative promoter
could not be identified, probably due to high sequence divergence from the known con-
sensus sequences of the five σ factors in L. monocytogenes. In addition to 944 putative
σA-dependent promoters, we identified 103 putative σB-dependent promoters and five
putative σH-dependent promoters.

3.3. Clusters of Genes with Similar Patterns of Alternative σ Factor-Dependent Transcript Levels
Show Enrichment for Specific Biological Functions

To characterize alternative σ factor-dependent transcript levels, we calculated FC
differences in transcript levels between parent strain (i.e., 10403S) and each strain express-
ing only one alternative σ factor (i.e., ∆CHL, ∆BHL, ∆BCL, and ∆BCH) and the strain
expressing none of the alternative σ factors (i.e., ∆BCHL mutant strain). Cluster analysis
of these FC values identified 17 clusters of genes based on FC patterns, with each cluster
representing a group of genes with similar expression patterns in the parent strain and
the ∆BCH, ∆BCL, ∆BHL, and ∆CHL strains in comparison to the ∆BCHL strain (Figure 3);
eight of these clusters (i.e., Clusters 1, 7, 8, 10, 11, 12, 16, and 17) were enriched for genes
involved in specific biological or molecular functions. While Cluster 10 contained 418 genes
that appear to be solely σA dependent (as these genes were typically not differentially
expressed), four clusters (Clusters 1, 8, 12, and 16) showed FC patterns that indicated
positive regulation by one alternative σ factor, one cluster (Cluster 11) showed FC patterns
that indicated negative regulation by one alternative σ factor, and the other two clusters
(Clusters 7 and 17) showed more complex FC patterns, indicating regulation by multiple
alternative σ factors.
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Figure 3. K-means cluster analysis using Fold Change (FC) values (parent or triple mutant
strain/∆BCHL mutant strain). The number of clusters (n = 17) was chosen based on figure-of-
merit (FOM) analysis to identify groups of genes with similar patterns of expression in the parent
strain and each of the ∆BCH, ∆BCL, ∆BHL, and ∆CHL strains in comparison to the ∆BCHL strain.
From left to right, each cluster shows the mean log2-transformed FC values for the parent strain,
∆BCH, ∆BHL, ∆BCL, and ∆CHL mutant strains for a given cluster.
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Detailed lists of genes in each cluster can be found in Supplementary Materials
Table S1. Briefly, Cluster 1 contained 109 genes that showed FC patterns indicating positive
regulation by σB (genes with high positive differential expression in both the ∆CHL mutant
expressing σB and the parent strain, as compared to the ∆BCHL mutant). Although
Cluster 1 was not enriched for any specific GO term, this cluster included genes associated
with bile tolerance, such as the genes encoding the well characterized carnitine transporter,
OpuC [45], and the bile exclusion system BilE [46]. Cluster 16, which contained 360 genes
slightly up-regulated (mean FC of 3.72 across 360 gene included in this cluster) in the
∆BCL mutant expressing σH, was enriched for genes classified into the GO term “SOS
response”, such as genes involved in DNA repair (e.g., recA and uvrAB) [47]. Clusters 8 and
12, both of which included genes with high differential expression (mean FC of 6.09 and
73.28 across 34 and 22 genes, respectively) between the parent strain and the ∆BCH mutant
expressing σL (hence representing genes positively regulated by σL), were each enriched for
genes classified into the GO terms “phosphoenolpyruvate-dependent phosphotransferase
(PTS) activity”, “carbohydrate transport”, and “signal transduction”. Cluster 12 was also
enriched for genes classified into the GO terms “ribulose-phosphate-3-epimerase activity”
and “hydrogen:sugar symporter activity”, suggesting an important role of σL in sugar
transport and metabolism [48]. Cluster 11 contained genes that were generally down-
regulated in both the parent strain (mean FC of 0.26 across 230 genes) and the ∆BCH
mutant expressing σL (representing genes down-regulated by σL; mean FC of 0.18 across
230 genes). This cluster was enriched for genes classified into the GO terms “structural
molecule activity”, such as genes encoding ribosomal proteins, and “flagellum”. Cluster 7
contained 13 genes down-regulated by both σL (mean FC of 0.29) and σC (mean FC of
0.01), suggesting that σL and σC may repress the expression of these genes; this cluster was
enriched for genes classified into the GO terms “response to extracellular stimulus” and
“establishment of competence for transformation”. Cluster 17, which included 41 genes
down-regulated in the parent strain (mean FC of 0.51) and/or the ∆CHL (mean FC of 0.26)
and ∆BCL (mean FC of 0.42) mutants expressing σB and σH, respectively, was enriched for
genes classified into the GO terms “phage assembly” and “antigenic variation”. Cluster
10, which included 418 σA-dependent genes, was enriched for genes classified into the
GO terms “translation”, “ribonucleoprotein complex”, “alcohol catabolic process”, “cell
motility”, and “chemotaxis”.

3.4. Differential Expression Analysis Reveals a Large Regulon Positively Regulated by σB as Well
as a Large Regulon Negatively Regulated by σL

In addition to the cluster analyses detailed above (Section 3.3), we also identified
individual genes that showed evidence for being regulated by a given alternative σ factor,
as supported by (i) a posterior probability (PP) > 0.90 of being regulated by a given σ

factor and (ii) an FC ≥ 5.0 (for identifying genes up-regulated by an alternative σ factor;
Supplementary Materials Table S2) or ≤ 0.2 (for identifying genes down-regulated by an
alternative σ factor; Supplementary Materials Table S3) between the ∆CHL, ∆BHL, ∆BCL,
or ∆BCH mutants (which express σB, σC, σH, or σL, respectively) and the ∆BCHL mutant.
As discussed in detail below, the ∆CHL mutant strain, expressing only σB, showed the
largest number of up-regulated genes (184 genes), followed by the ∆BCH, ∆BCL, and
∆BHL strains, expressing only σL, only σH, and only σC (35, 34, and 20 up-regulated genes)
(Figure 4). The ∆CHL and ∆BCH mutants also presented the highest number of genes,
with FC > 100 (44 and 4 genes, respectively).
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3.5. σB Directly Regulates a Large Number of Genes Involved in a Variety of Different Pathways

In addition to the 184 genes found to be up-regulated by σB, five genes, which are
all associated with phages, were down-regulated in the strain expressing σB. Among the
184 up-regulated genes, 112 were preceded by a putative σB-dependent promoter (either
directly upstream or upstream of the overall operon), suggesting direct regulation by σB.
Based on prediction of metabolic pathways for strain 10403S [32], genes up-regulated by σB

(see Supplementary Materials Table S2) encode proteins involved in pathways for cell struc-
ture biosynthesis, amino acid biosynthesis (i.e., tryptophan and arginine), biosynthesis of
cofactors, prosthetic groups, and electric carriers (i.e., tetrahydrofolate, glutathione, flavin,
pyridoxal 5′-phosphate, heptaprenyl diphosphate, nicotinamide adenine dinucleotide, and
folate), gluconeogenesis, biosynthesis of fatty acids and lipids (i.e., palmitate, estearate,
phosphatidyl glycerol, cardiolipin, and fatty acid elongation), de novo biosynthesis of
pyrimidine deoxyribonucleotides, fermentation, carbohydrates degradation, aldehyde
degradation, amino acid degradation, carboxylates degradation, amine and polyamine
degradation, alcohol degradation, and glycolysis. Genes up-regulated by σB also included
four virulence-associated internalin genes (i.e., inlA, inlB, inlC2, and inlD), and several
genes previously reported as involved in stress response (e.g., clpC, clpX, opucABCD, gadD3,
arcA, ltrC, uspL-3, and bsh). Among the stress response genes, several are specifically in-
volved in acid stress response, such as bsh, which encodes for the bile salt hydrolase; uspl-1,
which has been shown to provide acid stress protection to L. monocytogenes [49]; argE, which
participates in arginine biosynthesis from glutamate; and arcA, which is directly involved
in the arginine deiminase system of acid tolerance. Moreover, a putative acyltransferase
(LMRG_00285) showed a 238 FC increase when σB was expressed. A Staphylococcus aureus
homolog to this gene was found to be overexpressed (although not significantly) in the
presence of paracetic acid, a disinfectant [50]. Furthermore, opuCABCD, which encodes for
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the carnitine ABC transporter involved in osmotolerance, was significantly over-abundant
in the presence of σB (as also previously shown by References [51,52]); this operon has been
shown to also contribute to bile acid tolerance [46]. In stationary phase, σB thus contributes
to regulation of a large number of genes involved in many different metabolic pathways,
including transport and metabolism of sugars and other macromolecules, virulence, and
stress response.

3.6. While a Considerable Number of Genes Encoding Sugar Transport and/or Catabolism Are
Upregulated in the Strain Expressing σL, None Are Preceded by an Identifiable
σL-Dependent Promotor

In this study, 35 genes showed evidence for being up-regulated by σL (Supplementary
Materials Table S2 and Figure S2), while 180 genes showed evidence for being down-
regulated by σL (Supplementary Materials Table S3). Unlike σB, which appears to regulate
genes involved in a number of different pathways, σL-dependent genes are mainly involved
in a few pathways. Specifically, all 35 genes identified as being up-regulated by σL appear
to be involved directly or indirectly (through transcription regulation) in sugar transport
and/or catabolism. These 35 genes are clustered into eight operons; only one of these
35 genes, encoding a transcriptional factor similar to LacI (LMRG_00422), is transcribed
monocistronically. No σL-dependent promoter was found upstream of these transcrip-
tion units, suggesting indirect regulation by σL. Moreover, σL was specifically found to
up-regulate PTS-encoding genes involved in the transport of allose, fructose, trehalose,
galactitol, and cellobiose, as well as genes involved in the metabolism of these sugars to
fructose-6-phosphate (F6P), glucose-6-phosphate (G6P), and glyceraldehyde-phosphate
(GAP) (Supplementary Materials Table S2; Figure 5). Additionally, σL was also found to
up-regulate genes involved in all reactions of the non-oxidative branch of the pentose phos-
phate pathway (PPP) (i.e., ribose-6-phosphate isomerase, ribulose-phosphate-3-epimerase,
transketolase, and transaldolase) (Figure 6). Furthermore, σL was found to up-regulate two
genes (ccpN and yqfL) that had been reported to be involved in glycolysis/glyconeogenesis
regulation in B. subtilis (Supplementary Materials Table S2) [53,54]. In B. subtilis, CcpN
represses the transcription of two genes, gapB and pckA, which encode enzymes responsible
for non-reversible reactions during gluconeogenesis [55]. While L. monocytogenes lacks
genes homologous to gapB and pckA, L. monocytogenes has a gene (gap) that encodes a
glyceradehyde 3-phosphate dehydrogenase, which catalyzes, reversibly, the same reac-
tions facilitated by the gapA and gapB gene products in B. subtilis. We, however, found
no evidence for σL dependent transcription of gap (FC = 1.02). L. monocytogenes, however,
has an optional route to convert malate into pyruvate through a malate dehydrogenase
encoded by LMRG_01062, a gene that is significantly down-regulated in the presence of σL

and may be a possible target of CcpN in L. monocytogenes. Thus, σL could be responsible
for regulating the early stages of gluconeogenesis, since malate dehydrogenase is the first
enzyme in the L. monocytogenes gluconeogenesis pathway. The 180 genes identified as
being down-regulated by σL appear to encode proteins involved in various functions, such
as protein biosynthesis, motility (flagellar biosynthesis), sugar transport and metabolism
(including a number of ABC transporters), and cobalamin (i.e., vitamin B12) biosynthesis.
Overall, σL seems to play a major role in sugar acquisition and energy generation in late
stationary phase (which likely represents nutrient-depletion stress).
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reported here. Proteins color-coded in red are encoded by genes up-regulated by σL, while proteins in blue are encoded by
genes up-regulated by σB, and LytG (color-coded in gray) is encoded by a gene up-regulated by σH (upregulation always
was identified in stationary phase cells). Proteins important to understand the pathways are also shown, but they are not
color-coded if their expression was not found to be regulated by any of the four alternative σ factors. Amino acid and
carnitine transporters are color-coded in gray, sugar transporters are color-coded in light gray, and Mg2+ and Pi transporters
are color-coded in dark gray. Specific stress types are shown in brown, and proteins known to be involved in a specific
stress but with a still unknown mechanism are associated to the stress by arrows. Biosynthesis of nucleotides; vitamins B6,
E, and K; chorismate; and amino acids are highlighted in yellow, and their precursor metabolites are associated by arrows.

3.7. The σH Regulon Overlaps with other Alternative σ Factor Regulons, but Solely Regulates
Genes Associated with DNA Transformation/Competence

Overall, 34 genes showed higher transcript levels in the presence of σH, indicating
up-regulation by σH (Supplementary Materials Table S2), while five genes showed evidence
for being down-regulated by σH (Supplementary Materials Table S2). Five σH consen-
sus promoter sequences were identified upstream of four genes and one operon with at
least one σH-up-regulated gene. The σH-dependent genes with upstream σH consensus
promoters included the following: (i) comEA and coiA, both encoding proteins involved
in establishment of competence; (ii) rpoD, encoding the vegetative σ factor RpoD (i.e.,
σA); (iii) lytG encoding the glucosaminidase LytG, which, in B. subtilis, is responsible for
peptidoglycan structural determination during vegetative growth and is also involved in
chemotaxis, motility and cell division [56]; and (iv) an operon encoding three hypothetical
proteins (one of them found here to be significantly up-regulated by σH) and two proteins
involved in oxidative stress (MsrA and MsrB, neither significantly up-regulated by σH).
Moreover, σH was also found to positively regulate four genes involved in sugar trans-
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port and metabolism (Supplementary Materials Table S2); however, these genes were not
preceded by a putative σH-dependent promotor, suggesting indirect regulation. Interest-
ingly, four of the five phage-associated genes down-regulated by σB were also found to be
negatively regulated by σH.
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their expression profiles.

3.8. σC Largely Regulates Genes That Have Not yet been Assigned Specific Functions and Has a
Regulon That Shows Considerable Overlap with the Regulons for other Alternative σ Factors

Overall, 19 genes showed higher transcript levels in the presence of σC, indicating up-
regulation by σC (none of these genes were preceded by a putative σC promoter); no genes
showed evidence for being down-regulated by σC. The maximum FC observed among
σC up-regulated genes was 14.5. Together with the low number of σC -regulated genes
identified, this suggests a limited role for σC during stationary phase. Overall, 12 of the
19 genes up-regulated by σC are annotated as encoding hypothetical proteins or proteins
with unknown functions (see Supplementary Materials Table S2).

3.9. A Number of Genes Presented Complex Expression Patterns Suggesting Epistatic and
Additive Effects among Alternative σ Factors

In order to identify genes with complex expression patterns (e.g., genes co-regulated
by more than one alternative σ factor), indicating interaction among σ factors that alter the
regulation of a given gene, the average FCs between each of the ∆CHL, ∆BHL, ∆BCL, and
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∆BCH strains and the ∆BCHL strain were analyzed (Table 3). We specifically identified
(i) genes showing higher transcript levels (FC > 5.0) in the ∆CHL, ∆BHL, ∆BCL, ∆BCH
strains compared to the ∆BCHL strain, but similar transcript levels (0.5 < FC < 2.0) in
the parent strain and the ∆BCHL strain (indicating negative epistatic effects), (ii) genes
showing higher transcript levels (FC > 5.0) in the ∆CHL, ∆BHL, ∆BCL, and ∆BCH strains,
compared to the ∆BCHL strain, but lower transcript levels (FC < 0.5) in the parent strain
compared to the ∆BCHL strain (indicating strong negative epistatic effects), and (iii) genes
showing higher transcript levels (FC > 5) in at least two of the ∆CHL, ∆BHL, ∆BCL, and
∆BCH strains, compared to the ∆BCHL strain, and even higher transcript levels in the
parent strain compared to the ∆BCHL strain (indicating regulation with additive effects).
A total of 173 genes showed a negative epistatic effect with the pattern described in (i).
Another 18 genes showed a strong negative epistatic effect as described in (ii), suggesting
that although these genes may be up-regulated by a single alternative σ factor, the co-
expression of other alternative σ factors down-regulates the expression of these genes.
Among these 18 genes with strong negative epistatic effect, nine showed FC < 0.2 in the
parent strain while showing an FC > 5 in at least one of the ∆CHL, ∆BHL, ∆BCL, and
∆BCH strains. Moreover, eight genes showed patterns suggesting an additive effect of
multiple σ factors.

Table 3. Complex expression patterns involving alternative σ factors.

Genes with Lower Transcript Levels in the Parent Strain (10403S) in Comparison to the ∆BCHL Strain (FC < 0.2) and Higher Transcript Levels
in at least One of ∆CHL, ∆BHL, ∆BCL, and ∆BCH Strains in Comparison to the ∆BCHL Strain (FC > 5.0) a.

10403S Locus EGD-e Locus Name 10403S FC σL FC σH FC σC FC σB FC Function

LMRG_00198 lmo0517 0.08 0.09 11.91 2.55 2.56 similar to phosphoglycerate mutase
LMRG_02255 lmo0832 0.00 1.50 3.70 4.89 5.20 similar to transposase
LMRG_00881 lmo1429 0.14 0.07 0.65 7.06 4.01 similar to unknown proteins
LMRG_01244 lmo2093 0.20 0.68 8.88 10.02 1.98 unknown
LMRG_01245 lmo2094 0.07 0.31 4.44 10.25 1.10 similar to L-fuculose-phosphate aldolase

LMRG_01247 lmo2096 0.09 0.21 3.94 13.22 1.27 similar to PTS system galactitol-specific
enzyme IIC component

LMRG_01598 lmo2234 0.00 0.48 15.63 0.00 0.52 similar to unknown proteins
LMRG_02720 lmo2375 0.00 0.59 3.21 7.33 8.58 unknown

LMRG_01751 lmo2497 0.00 0.35 1.85 3.44 15.13 similar to phosphate ABC transporter
(permease protein)

Genes with Mildly Lower Transcript Levels in the Parent Strain in Comparison to the ∆BCHL Strain (0.2 < FC < 0.5) and High FC (FC > 5.0) in
at least one of the Triple Mutants Strain Expressing one of the ∆CHL, ∆BHL, ∆BCL, and ∆BCH Strains in Comparison to the ∆BCHL Strain

(FC > 5.0) a.

LMRG_00154 NoID 0.36 0.51 5.06 0.49 0.68 -

LMRG_02398 lmo0153 0.48 0.13 1.16 8.95 1.06 similar to a probable high-affinity zinc ABC
transporter (Zn(II)-binding lipoprotein)

LMRG_00158 lmo0477 0.38 0.67 8.00 2.87 5.49 putative secreted protein
LMRG_00287 lmo0604 0.30 0.17 0.70 5.30 2.63 similar to B. subtilis YvlA protein
LMRG_00318 lmo0635 0.36 0.69 5.90 2.74 3.02 unknown
LMRG_00476 lmo0788 0.46 0.68 7.12 2.26 2.28 unknown

LMRG_01248 lmo2097 0.32 0.65 13.45 23.61 2.61 similar to PTS system galactitol-specific
enzyme IIB component

LMRG_01970 lmo2726 0.29 0.32 5.45 2.73 2.74 similar to transcription regulators
LMRG_02138 NoID 0.39 0.72 5.13 1.04 0.97 -

0.49 0.68 -

Genes with High Positive Fold Change (FC > 5.0) a in at least Two of the ∆CHL, ∆BHL, ∆BCL, ∆BCH and Higher FC in the Parent Strain
when Compared to the ∆BCHL Strain (Additive Effect).

LMRG_01216 lmo2066 32.40 4.61 15.27 11.18 13.46 unknown
LMRG_02207 lmo2662 40.53 32.08 11.56 2.18 14.62 similar to ribose 5-phosphate epimerase
LMRG_02208 lmo2663 94.76 68.20 22.11 3.04 24.13 similar to polyol dehydrogenase
LMRG_02209 lmo2664 59.73 44.42 16.19 2.36 24.58 similar to sorbitol dehydrogenase

LMRG_02210 lmo2665 43.67 33.93 15.14 2.60 18.64 similar to PTS system galactitol-specific
enzyme IIC component

LMRG_02211 lmo2666 34.02 29.44 19.08 1.95 8.43 similar to PTS system galactitol-specific
enzyme IIB component

LMRG_02212 lmo2667 35.69 26.23 18.80 1.57 8.67 similar to PTS system galactitol-specific
enzyme IIA component

LMRG_02213 lmo2668 30.72 13.91 12.36 1.77 8.30 similar to transcriptional antiterminator
(BglG family)

a Fold Changes (FCs) > 5.0 are underlined.
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Genes with evidence for negative epistatic effects included genes involved in sugar
transport and metabolism (Table 3 and Supplementary Materials Table S4). For example,
genes in an operon encoding a galactitol-specific PTS system (LMRG_01244-LMRG_01250)
presented transcriptional patterns suggesting a complex regulatory network involving dif-
ferent σ factors. Five out of seven genes in this operon present a pattern of higher transcript
levels in the ∆BCL (8.9 < FC < 20.0) and ∆BHL (10.0 < FC < 33.0) strains, as compared
to the ∆BCHL strain, but lower transcript levels in the parent strain (0.2 < FC < 0.6), as
compared to the ∆BCHL strain. This pattern suggests that simultaneous expression of
multiple alternative σ factors may down-regulate the expression of this operon, while
the expression of σH or σC alone up-regulates the expression of this operon. Other genes
with relevant biological functions and patterns of expression that may suggest epistatic
interactions among alternative σ factors, but that did not meet our predefined criteria, in-
cluded LMRG_01332 (lmo1634), which encodes for an alcohol acetaldehyde dehydrogenase
known as the Listeria adhesion protein, LAP [57,58]. This gene presented an FC = 54.1 in
the mutant expressing σH but an FC < 8.0 in all other strains, including the parent strain,
where an FC = 2.1 was observed. LMRG_02638 (lmo0216), which encodes for a putative
ribosome-associated heat shock protein also presented a pattern of high Fold Change in
the mutant expressing σH (FC = 22.7) but not in the parent strain (FC = 3.2). This gene
was also highly expressed in the mutant expressing σB (FC = 11.1), suggesting a complex
transcriptional regulatory network.

Only two transcription units presented a pattern suggesting additive effect involving
alternative σ factors. One transcription unit with evidence for an additive effect involving
σB, σH, and σC contained only one monocistronically expressed gene (lmo2066) encod-
ing a putative protein with unknown function. This gene presented a high positive FC
(11.1 < FC < 15.3) in the ∆CHL, ∆BCL, and ∆BHL strains and an even higher FC level
in the parent strain (FC = 32.4). The other transcription unit presented an additive effect
involving σB, σH, and σL and contained seven genes (lmo2662–lmo2668) encoding proteins
involved in sugar transport and metabolism. All genes in this operon presented a high
positive FC (8.3 < FC < 72.7) in the ∆CHL, ∆BCL, and ∆BCH strains. However, the parent
strain presented FC levels (30.7 < FC < 94.8) that, for each individual gene, were higher
than those observed in any of the individual triple mutants. Besides these examples, one
gene, LMRG_00095 (lmo0402), presented a very high FC in the parent strain (FC = 42.6)
but an FC < 5.0 in each of the ∆CHL, ∆BHL, ∆BCL, and ∆BCH strains (Supplementary
Materials Figure S2), suggesting that its expression is dependent on at least two of the
alternative σ factors. This gene encodes an antiterminator transcription factor of the BglG
family [59] and is the last gene in a large operon that includes genes involved in fructose-
specific PTS-dependent transport, suggesting that it may be involved in sugar transport
and metabolism, a biological function that seems to be regulated by at least two alternative
σ factors in L. monocytogenes, σB and σL, as described in Section 3.6, above.

3.10. σB and σL Regulate Genes That Appear to Represent an Energy Metabolism Network

Several genes involved in sugar transport and metabolism were found to be posi-
tively regulated by σL and σB (Supplementary Materials Table S5). However, while σB

up-regulates genes involved in the transport of glucose (i.e., glcU1 and mpoACD), σL

up-regulates genes involved in transport and metabolism of alternative sugars, such as
galactitol, lactose, and fructose. This difference may suggest a complementary role of σL in
sugar acquisition when extracellular glucose concentration is low. Interestingly, σB also
positively regulates genes encoding enzymes (e.g., LacD) that provide substrates (e.g.,
glyceraldehyde-3P and dihydroxyacetone-P) for enzymes encoded by genes positively
regulated by σL (e.g., TpiA2), suggesting a metabolic network regulated by σB and σL

under starvation stress (Figure 5).
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3.11. Five of More Than 100 ncRNAs Identified Are σB Dependent

A total of 102 noncoding RNAs (ncRNAs) were identified and annotated in this
study (Supplementary Materials Table S6 and Figures S3–S5). While none of these ncRNAs
showed evidence for σC or σL-dependent positive regulation, seven (including two overlap-
ping ncRNAs) and one ncRNAs showed evidence for being positively regulated by σB and
σH, respectively. Three σB-dependent ncRNAs were preceded by a putative σB-dependent
promoter; no σH-dependent promoter could be identified upstream the σH-dependent
ncRNA transcript. The three differentially regulated ncRNAs with σB-dependent pro-
moters include two previously described σB-dependent ncRNAs, sbrA [60] and rli47 (i.e.,
sbrE) [13,44]. Previous studies have suggested that sbrE plays a role in L. monocytogenes’
response to acid stress [61] and in restricting growth under harsh conditions [62], and have
shown that it is highly induced in the intestine [44] and inside macrophages [63]. The
third ncRNA with a σB-dependent promoter has been previously described as rli33 [44].
This ncRNA is located between two genes (LMRG_00359 and LMRG_00360), both en-
coding hypothetical proteins, and had previously been shown to be less abundant in an
L. monocytogenes ∆sigB mutant [44]; a mutant strains lacking rli33 had also previously
been shown to be attenuated for murine infection [63]. A σB-dependent promoter was
also identified upstream of rli70-2, a ncRNA not significantly up-regulated by σB in our
analysis (Supplementary Materials Figure S3), probably due to a strong downstream σA-
dependent promoter transcribing a shorter version of the ncRNA previously designated
rli70 [13]. This ncRNA, a guanine riboswitch [64], is located upstream of a large operon
with five genes that encode enzymes involved in glycolysis and gluconeogenesis and a
putative transcriptional regulator similar to CggR, a regulator of central glycolytic genes.
Therefore, it is possible that σB indirectly regulates these two pathways (glycolysis and glu-
coneogenesis) post-transcriptionally through rli70-2. Another σB-dependent promoter was
found upstream of an anti-sense ncRNA overlapping a gene similar to the drug/sodium
antiporter-encoding gene yisQ from B. subtilis [65]. Because this anti-sense ncRNA was
manually identified post-analysis, no formal statistical analysis was carried to assesses
whether it was significantly up-regulated by σB.

3.12. Both σB and σH Regulate the Transcription of Long 5′ UTRs

We identified six σB-dependent promoters that resulted in long (>100 bp) 5′ UTRs;
four of these genes also showed evidence for higher transcript levels in the ∆CHL strain, as
compared to the ∆BCHL strain. The six σB-dependent long 5′ UTRs identified include two
that represent long partially overlapping 5′ UTRs present on opposite DNA strands (see
Supplementary Materials Figure S7). One of these long 5′ UTRs (525 bp) overlaps a gene
(LMRG_00335) encoding a putative magnesium and cobalt transporter similar to CorA [66],
while the long 5′ UTR (394 bp) on the opposite strand partially overlaps LMRG_00334,
which encodes a hypothetical protein. We also identified a previously described σB-
dependent long 5′ UTR upstream of mogR [44], which encodes a motility regulator; this 5′

UTR overlaps three flagella genes (fliN, fliP and fliQ) in the opposite strand as well as their
5′ UTR and promoter region. Another long σB-dependent 5′ UTR is located upstream of
LMRG_01561, which encodes a hypothetical protein. This 5′ UTR overlaps comK, which
is located in the opposite strand, as well as the comK 5′ UTR and transcription start site,
suggesting that σB may indirectly regulate expression of comK, which is considered the
major regulator of competence in B. subtilis [67]; the L. monocytogenes 10403S comK gene is
interrupted by a prophage insertion and, therefore, is likely to be non-functional while the
phage stays lysogenic. Another long σB-dependent 5′ UTR results from a σB-dependent
promoter identified in the middle of the coding region of pstB, which encodes an ATP-
binding subunit of the phosphate ABC transporter. This promoter transcribes the second
half of pstB, as well as the complete coding region of a gene encoding a putative phosphate
transport system regulatory protein similar to PhoU; a start codon preceded by a consensus
ribosome binding sequence can be found 56 bp downstream of the transcription start
site associated with this internal σB-dependent promoter; σB may thus be involved in
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regulation of phosphate acquisition. Another σB-dependent promoter resulting in a long 5′

UTR was identified in front of LMRG_01737, a gene encoding a putative negative regulator
of σL, similar to B. subtilis Hpf [68,69]. In B. subtilis, hpf is under the dual control of
σB, which activates hpf transcription under glucose starvation, and σH, which activates
transcription under amino acid depletion stress [68] and is mainly required for ribosome
dimerization in stationary phase [69]. In L. monocytogenes, we identified a σA-dependent
promoter upstream LMRG_01737, which induces a very strong transcription of this operon
that masks transcription originating from the downstream σB-dependent promoter. No
clear role has been defined for this 5′ UTR to date.

The long σH-dependent 5′ UTR identified here is upstream of an operon that includes
msrA, msrB, and a hypothetical protein encoding gene; this operon also includes two
upstream σA-dependent promoters. The σH-dependent promoter is the most upstream of
the three promoters and overlaps with a gene predicted to encode for a hemolysin-III-like
protein in the opposite strand. Although the function of this hemolysin-III-like protein has
not been demonstrated in L. monocytogenes, it is a transmembrane protein. The overlap
between the 5′ UTRs of this hemolysin-III-like encoding gene and the σH-derived promoter
on opposite strand may result in post-transcriptional σH-dependent regulation of this
hemolysin-III-like protein. No σC- and σL-dependent 5′ UTRs with a length of >100 nt
were identified.

4. Discussion

In this study, we assessed the transcription profiles of a parent strain (i.e., 10403S)
and four L. monocytogenes isogenic mutant strains (i.e., ∆CHL, ∆BHL, ∆BCL, and ∆BCH)
expressing only one of the four alternative σ factors and compared them against the tran-
scription profile of an isogenic mutant strain (∆BCHL) expressing none of the alternative
σ factors, grown to stationary phase. Differential expression analysis showed that σB

positively regulated the greatest number of genes among the alternative σ factors, while σL

affected transcript level of a greater number of genes overall, accounting for both genes
with increased and decreased transcript levels. In addition to considerable σ factors regulon
overlap, we also found strong evidence for epistatic and additive interactions among the
alternative σ factors evaluated, further supporting that L. monocytogenes stress response
involves complex regulatory networks. Initial identification of these networks provides an
important starting point for future investigations of L. monocytogenes regulatory networks,
including those that regulate primary metabolic functions under different stress conditions.

4.1. Transcripts of Genes Involved in Stress Response Are Among the Most Abundant under
Stationary Phase

L. monocytogenes cells grown to stationary phase are known to express active forms of
all alternative σ factors [12]. Stationary phase represents a nutrient depletion stress but also
induces thiol and oxidative stress [34,35]. In addition, we observed a slight, but significant
decline in the pH of the cultures with mutant strains in comparison to the cultures with the
parent strain. As L. monocytogenes seems to be able to maintain the intracellular pH close to
eight independent of the external pH in the range of 5–9 [70,71], it is unclear whether the
intracellular pH of the mutant strains is affected by the lower pH observed in the media.
The genes with the highest transcript levels in the parent strain and the strain expressing
none of the alternative σ factors (∆BCHL strain) were csbD and fri, respectively. These
two genes have been previously reported to be involved in stress response. Moreover,
csbD, which was also the highest transcribed gene in the ∆CHL strain (which expresses
σA and σB only), is a general stress-response gene in Bacillus and, in that organism, has
been shown to play a role in survival under salt and low temperature stress [72]. Ferritin,
which is encoded by fri, is an iron-storage protein [39] that binds to iron, to prevent the
interaction between ferrous iron and oxygen, which leads to the production of reactive
oxygen species. The iron-loaded form of some ferritin proteins can bind to DNA and
protect it under oxidative-stress conditions [40]. Moreover, fri has been reported to show
evidence of growth-phase-dependent transcription [73,74], and is repressed by the ferric
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uptake repressor Fur [73] and peroxide stress-response repressor PerR [39]. Overall, these
findings support that alternative σ factor dependent and independent stress-response
genes play an important role for L. monocytogenes survival in stationary phase.

4.2. σB Has Broad Effects on Multiple Pathways That Can Be Linked to Stress Response

While we identified that a large number of different pathways are positively regulated
by σB (Figure 6), some of these have previously been reported. Below, we briefly discuss
three major pathways/regulatory circuits for which our data provide new evidence for σB-
dependent regulation, including (i) acid stress and (ii) oxidative stress resistance pathways,
and (iii) sugar transport associated with virulence regulation. Importantly, our data also
further confirm possible mechanistic linkages by which σB modulates PrfA activity and
hence expression of L. monocytogenes virulence genes.

Genes involved in acid stress presented some of the highest FC among σB-dependent
genes. For example, the highest FC due to σB was for gabD (FC = 5201, which encodes a
succinate–semialdehyde dehydrogenase that degrades succinate semialdehyde into succi-
nate; succinate can be used in L. monocytogenes incomplete TCA cycle [75,76] to generate
energy. Importantly, a gabD deletion mutant previously showed enhanced sensitivity to acid
stress comparable to that of a sigB deletion mutant [20], and the succinate–semialdehyde
dehydrogenase activity encoded by this gene is linked to the GABA acid resistance pathway.
Moreover, gadD3, a σB-dependent gene, which showed a ~75 FC between the parent and
the ∆CHL strains, is another key gene in this pathway; it encodes an enzyme that con-
verts glutamate and a hydrogen proton into carbon dioxide and GABA (γ-aminobutyrate),
which alleviates acid stress. A GABA-aminotransferase (ArgD) [77] can then convert GABA
into succinate semialdehyde, linking the reactions carried out by the two σB-dependent
enzymes, GabD and GadD3. This reaction is important, as GABA is a toxic compound and
has been shown to accumulate intracellularly under acid-stress conditions, presumably
due to the fact that the reaction catalyzed by GadD3 utilizes an H+ therefore increasing the
intracellular pH. In addition to ArgD mediated conversion of GABA into succinate semi-
aldehyde, L. monocytogenes also encodes an antiporter mechanism carried out by GadT1 and
GadT2 that utilizes intracellular GABA for acquisition of extracellular glutamate, providing
another mechanism for GABA removal from the cell. The high FCs identified here for gabD
suggest that GABA breakdown to succinate was a key mechanism for GABA detoxification
during the acid stress imposed in the stationary phase cells.

In terms of oxidative stress, σB induces the transcription of msrA [78] and uspl-3 [49],
which have been predicted (msrA) and shown (uspl-3) to be involved in counterattacking
this type of stress. The glutathione reductase encoding gene (lmo1433) was also highly
differentially expressed in the presence of σB (FC = 215 [∆CHL/∆BCHL]; as also previously
shown [24]). Glutathione (GSH) is a low-molecular-weight thiol that plays major roles
in maintaining the cytoplasm redox balance under thiol-stress conditions and in detoxi-
fication of reactive oxygen and nitrogen species [79]. Under oxidative-stress conditions,
GSH protects proteins from over-oxidation by glutathionylation of cysteine residues. Re-
activation of glutathionylated proteins by glutaredoxins leads to the formation of oxidized
di-glutathione G-S-S-G [80]. G-S-S-G is non-functional and has to be reduced by the ac-
tion of another enzyme, the GSH reductase [79], which is encoded by the σB-regulated
lmo1433 [24]. As GSH has also been shown to be a cofactor required for full activation
of PrfA [81], the regulation of lmo1433 by σB may represent a mechanism by which σB

indirectly contributes to regulating PrfA activity and hence transcription of the virulence
genes in the PrfA regulon [23].

Sugar transporters were also found to be under σB regulation. Specifically, glcU-1,
which encodes for a glucose permease and mpoABCD, which encode for a mannose/glucose
PTS, was overexpressed in the mutant expressing σB. Interestingly, Mpo has been hypothe-
sized to be involved in PrfA activation upon glucose availability [82,83]. This hypothesis
predicts that transport of glucose through Mpo, which generates intracellular glucose-6-
phosphate, induces the activation of ManR, a positive regulator of the man operon, another
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mannose/glucose PTS encoding operon. The Man PTS would then repress PrfA, due to
increased intracellular glucose levels provided by the Man PTS, resulting in decreased
expression of the major virulence genes [82]. Consistent with this, a microarray study with
sigB and prfA single and double mutants showed that expression of σB down-regulates
expression of the PrfA regulon [26].

4.3. σL and σH Show Positive Regulation of More Narrow and Targeted Pathways than the
σB Regulon

Our data further support that σL positively regulates genes involved in pathways
related to sugar transport and metabolism, as previously seen in other studies [12,48,84].
The 35 genes positively regulated by σL include genes encoding (i) PTS proteins that
facilitate transport of sugars other than glucose (e.g., fructose, galactitol, and lactose; Stoll
and Goebel, 2010), (ii) enzymes used to convert these sugars into glucose-6-phosphate
(G6P), and (iii) enzymes of the non-oxidative branch of the Pentose Phosphate Pathway,
which uses ribulose-6-phosphate (Ru6P) to generate the intermediates ribose-6-phosphate
(R6P). R6P is then used for nucleotide biosynthesis, and biosynthesis of glyceraldehyde-3-
phosphate (GAP) and fructose-6-phosphate (F6P) that can be consumed by glycolysis to
generate energy or can be recycled by gluconeogenesis to generate G6P (Figure 6). Thus,
our results confirm the previously observed role of σL in regulating L. monocytogenes’ energy
metabolism [12,84].

Although σH was found to positively regulate a similar number of genes as σL, the role
of σH during starvation stress is not clear. Many genes identified as positively regulated by
σH are annotated as having “unknown functions”. Moreover, σH-dependent genes with
known function include genes involved in regulation of competence, as also previously
observed [14]. Although L. monocytogenes has been shown not to be naturally competent,
a study has shown that, during intracellular growth in activated macrophages, genes
involved in competence are expressed and are necessary for efficient escape from the
macrophage phagosome [85]. This same study showed that expression of these competence
genes depends on the expression of ComK, the master regulator of competence in B.
subtilis. Interestingly, comK is interrupted by a prophage in L. monocytogenes 10403S strain,
suggesting that the competence genes up-regulated by σH here (i.e., comEA and coiA) are
not co-regulated by ComK in 10403S.

4.4. Epistatic and Additive Interactions among the Alternative σ Factors Regulate a Number of
Genes and Functions, Including the Gene Encoding the Listeria Adhesion Protein (LAP), Involved
in Listeria Virulence

Several genes showed patterns of transcript abundance, suggesting epistatic effects
among the alternative σ factors. Most of the genes showing a negative epistatic effect
(124 out of 191 genes) showed FC > 5 in the ∆BCL strain, suggesting that genes directly
or indirectly positively regulated by σH are also indirectly repressed by other alternative
sigma factors in L. monocytogenes. It has been previously suggested that σH and σL mediate
the PTS-dependent growth of L. monocytogenes through complex transcriptional interac-
tions and fine-tuning of the expression of specific pts genes [48]. Among those genes,
lmo1634 encodes the Listeria adhesion protein (LAP), which has been shown to play a
role in L. monocytogenes’ virulence by promoting paracellular translocation of the bacterial
pathogen through intestinal epithelial cell junctions [58]. In our study, lmo1634 showed
an FC > 50 in the mutant strain expressing σH, and FC > 4 in each of the other mutant
strains expressing σB, σC, or σL, but an FC < 3 in the parent strain. This pattern suggests
that lmo1634 may be up-regulated by σH, but this up-regulation is decreased when the
other alternative σ factors are also expressed. Previous studies have shown that lmo1634 is
up-regulated in nutrient-depleted [86], high-temperature (42 ◦C) [87], and anaerobic [57]
conditions. A previous study of the L. monocytogenes alternative σ factors regulons using
single gene mutants (i.e., mutants with knock-out deletions in one of the four alternative σ

factor genes at a time) did not identify lmo1634 as being up-regulated by any of the four
alternative σ factors [12], supporting the importance of the approach used here.



Pathogens 2021, 10, 411 20 of 25

5. Conclusions

Alternative σ factors play a major role during L. monocytogenes adaptation to stationary
phase. Genes up-regulated by alternative σ factors during stationary phase seem to provide
the bacterium with a wider range of usable resources for energy supply concomitantly with
a defense against other stresses that may occur in the stationary phase, such as acid stress,
oxidative stress, and osmotic stress. Here, we provided comprehensive analyses of the
alternative σ factor regulons in L. monocytogenes and showed that these regulons include
considerable overlaps, creating a regulatory network that can fine-tune gene expression
of L. monocytogenes in different environmental conditions, including those encountered
in the host. Moreover, for the manual annotation of transcription start sites, 5′ UTR
and promoter regions using RNA-Seq data provide valuable information to researchers
studying L. monocytogenes and specifically to those using the laboratory strain 10403S; these
data are publicly available at the eCommons database (https://doi.org/10.7298/0mjr-6c90).
In addition, the RNA-Seq data provided through this study provide a rich public resource
that can be used to further study interactions between L. monocytogenes σ factors and will
support further discovery of epistatic and additive interactions among the alternative
σ factors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10040411/s1. Figure S1: Growth curves for the parent strain (10403S) and the
five mutant strains. (A) Log-transformed colony-forming units (CFU) over time. (B) Optical density
(OD) over time. Figure S2: RNA-Seq detail of the LMRG_00091-LMRG_00095 operon (A,B) and the
LMRG_00423-LMRG_00428 operon (C,D) encoding a fructose-specific PTS system and a putative
D-allose-specific PTS system. (A,C) Overview of the whole operons. Horizontal arrows indicate
the direction in which transcription occurs. Color-coded legends show the color corresponding
to each strain in the coverage graph and the normalized average coverage for the entire region.
(B,D) Detail of the promoter regions. Horizontal arrows show the indirection in which transcription
occurs. The σA-dependent promoters (i.e., σA -35 and -10 regions), transcription start (TS) sites
and gene start (GS) sites are indicated. These two operons were highly expressed in the ∆BCH
strain and they both present a putative regulatory motif (two conserved sequences separated by 16
nt indicated by a red “*”) just upstream the σA-dependent -35 signal. Figure S3: RNA-Seq detail
showing σB-dependent expression of the σA-dependent ncRNA Rli70 and the σB-dependent ncRNA
Rli70-2 (both in yellow). Color-coded legends show the color corresponding to each strain in the
coverage graph and the normalized average coverage for the two regions depicted by the two
two-headed arrows shown above the coverage graph, which correspond to the Rli70 transcription
region (left) and the Rli70-2-only transcription region (right). The σA- and σB-dependent promoters
(i.e., σA -35 and -10 regions, and the σB -35 and -10 regions) and transcription start sites (TS) are
indicated. Direction of transcription is indicated by horizontal arrows above rli70 and rli70-2. Figure
S4: RNA-Seq detail of LMRG_02138-LMRG_02135 operon encoding CRISPR-associated proteins
and showing a σB-dependent anti-sense RNA overlapping the 5′ UTR of the operon. (A) Overview
of the region. Graph shows the RNA-Seq coverage for each strain in the leading (top) and lagging
(bottom) strands. Strains are color-coded as in the legend. Horizontal arrows indicate the direction in
which transcription occurs. Coding genes are represented by blue bars while the noncoding RNA
is represented by a yellow bar. The white bar represents the 5′ UTR region upstream the coding
genes. (B) Detail of the noncoding RNA and overlapping region. Transcription start sites (TSSs),
as well as the direction of transcription are indicated. The σA-dependent promoters are shown.
Color-coding is the same as for panel A. Figure S5: RNA-Seq detail of LMRG_02213-LMRG_02204
operon showing PTS genes and anti-sense RNA. (A) Detail of the LMRG_02213_LMRG_02204 operon
promoter region. Horizontal one-headed arrows indicate the direction in which transcription occurs.
Transcription start sites (TSSs), gene start codon (GS) and σA-dependent -10 and -35 region (σA -10
and σA -35) are indicated. Coding genes are represented by blue bars while the 5′ UTR is represented
by a white bar. The coverage graph shows the RNA-Seq coverage for each strain (color-coded). (B)
Overview of the region showing the RNA-Seq coverage in both strands (direction of transcription is
indicated by one-headed horizontal arrows). Strains are color-coded and the average normalized
coverage values for each strain are shown within the legend for the region delimited by double-
headed arrows. Values on top refer to the coverage in the leading strand while values on bottom
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refer to the coverages in the lagging strand. Noncoding anti-sense RNA is represented by a yellow
bar, coding genes are represented by blue bars, and untranslated regions are represented by white
bars. (C) Detail of the noncoding anti-sense RNA region. Coverages are color-coded and average
normalized RNA-Seq coverage values are shown within the legend for the segment delimited by
a double-headed arrow. Noncoding anti-sense RNA is represented by a yellow bar. A putative
Rho-independent transcription terminator (TT) is represented by an orange bar. Coding genes are
represented by blue bars and untranslated RNA is represented by white bars. The LMRG_02207
gene start codon (GS), and the σA-dependent -10 and -35 regions (σA -10 and σA -35) are indicated.
Figure S6. Hierarchical cluster tree showing heat map for all genes (σB-dependent genes and σL-
dependent genes involved in carbohydrate transport and metabolism are highlighted). (A) Heat map
showing the Fold Changes (FCs) of every gene in the 10403S parent strain, ∆CHL, ∆BHL, ∆BCL,
and ∆BCH strains relative to the ∆BCHL strain. Green indicates low FC and red indicated high
FC. (B) Clusters (1–6) for selected groups highlighted in the heat map. Clusters 1–4 represent genes
involved in carbohydrate metabolism and transport with high FC in the 10403S parent strain and the
∆BCH strain relative to the ∆BCHL strain. Clusters 5 and 6 represent σB-dependent genes involved
in various functions. Figure S7: RNA-Seq detail of LMRG_00334 (hypothetical protein) and the
LMRG_00335-LMRG_00338 operon (encoding the magnesium and cobalt transporter CorA, two
putative transcription regulators of the GntR family, and a phage infection protein) showing long
σB-dependent overlapping 5′ UTR regions. Horizontal one-headed arrows indicate the direction
in which transcription occurs. Transcription start sites (TSSs), gene start codon (GS) and σA- and
σB-dependent -10 and -35 region (σA -10, σA -35, σB -10, and σB -35) are indicated. Coding genes are
represented by blue bars while the 5′ UTRs are represented by white bars. The coverage graph shows
the RNA-Seq coverage for each strain (color-coded) and the average normalized coverage values for
each strain are shown within the legend for the region delimited by double-headed arrows. Values
on top refer to the coverage in the leading strand while values on bottom refer to the coverages in the
lagging strand. Two putative Rho-independent transcription terminator (TT) are represented by red
bars. Table S1: Cluster analysis by Fold Change. Table S2: Genes up-regulated by alternative sigma
factors. Table S3: Genes down-regulated by alternative sigma factors. Table S4: Genes with divergent
Fold Changes in 10403S and triple mutants. Table S5: Gene ontology enrichment analysis of up- and
down-regulated genes. Table S6: Noncoding RNAs.

Author Contributions: Conceptualization, M.W.; methodology, S.C. and H.F.O.; formal analysis,
R.H.O. and L.P.; resources, M.W.; data curation, R.H.O.; writing—original draft preparation, R.H.O.;
writing—review and editing, M.W., A.G., and S.C.; supervision, M.W.; project administration,
M.W.; funding acquisition, M.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This project was supported by a grant from the National Institute of Allergy and Infectious
Diseases (NIAID) of the National Institutes of Health (NIH) (2 RO1 AI052151-05A1).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Coverage files and tables used in this study are publicly available at
the eCommons database (https://doi.org/10.7298/0mjr-6c90).

Acknowledgments: We thank Christopher Desjardins (Broad Institute, Cambridge, MA, USA) for
providing a GO term classification for each gene in strain 10403S.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kazmierczak, M.J.; Wiedmann, M.; Boor, K.J. Alternative sigma factors and their roles in bacterial virulence. Microbiol. Mol. Biol.

Rev. 2005, 69, 527–543. [CrossRef]
2. Scallan, E.; Hoekstra, R.M.; Angulo, F.J.; Tauxe, R.V.; Widdowson, M.A.; Roy, S.L.; Jones, J.L.; Griffin, P.M. Foodborne illness

acquired in the United States—Major pathogens. Emerg. Infect. Dis. 2011, 17, 7–15. [CrossRef] [PubMed]
3. Batz, M.B.; Hoffmann, S.; Morris, J.G., Jr. Ranking the disease burden of 14 pathogens in food sources in the United States using

attribution data from outbreak investigations and expert elicitation. J. Food Prot. 2012, 75, 1278–1291. [CrossRef]
4. Hoffmann, S.; Batz, M.B.; Morris, J.G., Jr. Annual cost of illness and quality-adjusted life year losses in the United States due to 14

foodborne pathogens. J. Food Prot. 2012, 75, 1292–1302. [CrossRef] [PubMed]

https://doi.org/10.7298/0mjr-6c90
http://doi.org/10.1128/MMBR.69.4.527-543.2005
http://doi.org/10.3201/eid1701.P11101
http://www.ncbi.nlm.nih.gov/pubmed/21192848
http://doi.org/10.4315/0362-028X.JFP-11-418
http://doi.org/10.4315/0362-028X.JFP-11-417
http://www.ncbi.nlm.nih.gov/pubmed/22980013


Pathogens 2021, 10, 411 22 of 25

5. Begley, M.; Gahan, C.G.; Hill, C. Bile stress response in Listeria monocytogenes LO28: Adaptation, cross-protection, and
identification of genetic loci involved in bile resistance. Appl. Environ. Microbiol. 2002, 68, 6005–6012. [CrossRef]

6. Phan-Thanh, L.; Gormon, T. Analysis of heat and cold shock proteins in Listeria by two-dimensional electrophoresis. Electrophoresis
1995, 16, 444–450. [CrossRef] [PubMed]

7. Watkins, J.; Sleath, K.P. Isolation and enumeration of Listeria monocytogenes from Sewage, Sewage Sludge and River Water. J.
Appl. Bacteriol. 1981, 50, 1–9. [CrossRef] [PubMed]

8. Freitag, N.E.; Youngman, P.; Portnoy, D.A. Transcriptional activation of the Listeria monocytogenes hemolysin gene in Bacillus
subtilis. J. Bacteriol. 1992, 174, 1293–1298. [CrossRef]

9. Lobel, L.; Sigal, N.; Borovok, I.; Ruppin, E.; Herskovits, A.A. Integrative genomic analysis identifies isoleucine and CodY as
regulators of Listeria monocytogenes virulence. PLoS Genet. 2012, 8, e1002887. [CrossRef]

10. Zhang, C.; Nietfeldt, J.; Zhang, M.; Benson, A.K. Functional consequences of genome evolution in Listeria monocytogenes: The
lmo0423 and lmo0422 genes encode SigmaC and LstR, a lineage II-specific heat shock system. J. Bacteriol. 2005, 187, 7243–7253.
[CrossRef]

11. Raengpradub, S.; Wiedmann, M.; Boor, K.J. Comparative analysis of the Sigma B-dependent stress responses in Listeria monocyto-
genes and Listeria innocua strains exposed to selected stress conditions. Appl. Environ. Microbiol. 2008, 74, 158–171. [CrossRef]

12. Chaturongakul, S.; Raengpradub, S.; Palmer, M.E.; Bergholz, T.M.; Orsi, R.H.; Hu, Y.; Ollinger, J.; Wiedmann, M.; Boor, K.J.
Transcriptomic and phenotypic analyses identify coregulated, overlapping regulons among PrfA, CtsR, HrcA, and the alternative
sigma factors sigmaB, sigmaC, sigmaH, and sigmaL in Listeria monocytogenes. Appl. Environ. Microbiol. 2011, 77, 187–200.
[CrossRef]

13. Oliver, H.F.; Orsi, R.H.; Ponnala, L.; Keich, U.; Wang, W.; Sun, Q.; Cartinhour, S.W.; Filiatrault, M.J.; Wiedmann, M.; Boor,
K.J. Deep RNA sequencing of L. monocytogenes reveals overlapping and extensive stationary phase and Sigma B-dependent
transcriptomes, including multiple highly transcribed noncoding RNAs. BMC Genom. 2009, 10, 641. [CrossRef]

14. Liu, Y.; Orsi, R.H.; Boor, K.J.; Wiedmann, M.; Guariglia-Oropeza, V. An advanced bioinformatics approach for analyzing RNA-seq
data reveals sigma H-dependent regulation of competence genes in Listeria monocytogenes. BMC Genom. 2016, 17, 115. [CrossRef]

15. Liu, Y.; Orsi, R.H.; Boor, K.J.; Wiedmann, M.; Guariglia-Oropeza, V. Home Alone: Elimination of All but One Alternative Sigma
Factor in Listeria monocytogenes Allows Prediction of New Roles for sigma(B). Front. Microbiol. 2017, 8, 1910. [CrossRef]
[PubMed]

16. Dorey, A.; Marinho, C.; Piveteau, P.; O’Byrne, C. Role and regulation of the stress activated sigma factor sigma B (sigma(B)) in the
saprophytic and host-associated life stages of Listeria monocytogenes. Adv. Appl. Microbiol. 2019, 106, 1–48. [CrossRef] [PubMed]

17. Liu, Y.; Orsi, R.H.; Gaballa, A.; Wiedmann, M.; Boor, K.J.; Guariglia-Oropeza, V. Systematic review of the Listeria monocytogenes
sigma(B) regulon supports a role in stress response, virulence and metabolism. Future Microbiol. 2019, 14, 801–828. [CrossRef]
[PubMed]

18. Raimann, E.; Schmid, B.; Stephan, R.; Tasara, T. The alternative sigma factor sigma(L) of L. monocytogenes promotes growth
under diverse environmental stresses. Foodborne Pathog. Dis. 2009, 6, 583–591. [CrossRef]

19. Ribeiro, V.B.; Mujahid, S.; Orsi, R.H.; Bergholz, T.M.; Wiedmann, M.; Boor, K.J.; Destro, M.T. Contributions of sigma(B) and PrfA
to Listeria monocytogenes salt stress under food relevant conditions. Int. J. Food Microbiol. 2014, 177, 98–108. [CrossRef]

20. Abram, F.; Starr, E.; Karatzas, K.A.; Matlawska-Wasowska, K.; Boyd, A.; Wiedmann, M.; Boor, K.J.; Connally, D.; O′Byrne, C.P.
Identification of components of the sigma B regulon in Listeria monocytogenes that contribute to acid and salt tolerance. Appl.
Environ. Microbiol. 2008, 74, 6848–6858. [CrossRef]

21. McGann, P.; Raengpradub, S.; Ivanek, R.; Wiedmann, M.; Boor, K.J. Differential regulation of Listeria monocytogenes internalin
and internalin-like genes by sigmaB and PrfA as revealed by subgenomic microarray analyses. Foodborne Pathog. Dis. 2008, 5,
417–435. [CrossRef] [PubMed]

22. Guerreiro, D.N.; Arcari, T.; O’Byrne, C.P. The sigma(B)-Mediated General Stress Response of Listeria monocytogenes: Life and
death decision making in a pathogen. Front. Microbiol. 2020, 11, 1505. [CrossRef]

23. Gaballa, A.; Guariglia-Oropeza, V.; Wiedmann, M.; Boor, K.J. Cross Talk between SigB and PrfA in Listeria monocytogenes facilitates
transitions between extra- and intracellular environments. Microbiol. Mol. Biol. Rev. 2019, 83. [CrossRef] [PubMed]

24. Kazmierczak, M.J.; Mithoe, S.C.; Boor, K.J.; Wiedmann, M. Listeria monocytogenes sigma B regulates stress response and virulence
functions. J. Bacteriol. 2003, 185, 5722–5734. [CrossRef] [PubMed]

25. Garner, M.R.; Njaa, B.L.; Wiedmann, M.; Boor, K.J. Sigma B contributes to Listeria monocytogenes gastrointestinal infection but
not to systemic spread in the guinea pig infection model. Infect. Immun. 2006, 74, 876–886. [CrossRef] [PubMed]

26. Ollinger, J.; Bowen, B.; Wiedmann, M.; Boor, K.J.; Bergholz, T.M. Listeria monocytogenes sigmaB modulates PrfA-mediated
virulence factor expression. Infect. Immun. 2009, 77, 2113–2124. [CrossRef]

27. Tiensuu, T.; Guerreiro, D.N.; Oliveira, A.H.; O’Byrne, C.; Johansson, J. Flick of a switch: Regulatory mechanisms allowing Listeria
monocytogenes to transition from a saprophyte to a killer. Microbiology 2019, 165, 819–833. [CrossRef]

28. Toledo-Arana, A.; Dussurget, O.; Nikitas, G.; Sesto, N.; Guet-Revillet, H.; Balestrino, D.; Loh, E.; Gripenland, J.; Tiensuu, T.;
Vaitkevicius, K.; et al. The Listeria transcriptional landscape from saprophytism to virulence. Nature 2009, 459, 950–956. [CrossRef]

29. Mascher, T.; Hachmann, A.B.; Helmann, J.D. Regulatory overlap and functional redundancy among Bacillus subtilis extracyto-
plasmic function sigma factors. J. Bacteriol. 2007, 189, 6919–6927. [CrossRef]

http://doi.org/10.1128/AEM.68.12.6005-6012.2002
http://doi.org/10.1002/elps.1150160172
http://www.ncbi.nlm.nih.gov/pubmed/7607179
http://doi.org/10.1111/j.1365-2672.1981.tb00865.x
http://www.ncbi.nlm.nih.gov/pubmed/6262293
http://doi.org/10.1128/JB.174.4.1293-1298.1992
http://doi.org/10.1371/journal.pgen.1002887
http://doi.org/10.1128/JB.187.21.7243-7253.2005
http://doi.org/10.1128/AEM.00951-07
http://doi.org/10.1128/AEM.00952-10
http://doi.org/10.1186/1471-2164-10-641
http://doi.org/10.1186/s12864-016-2432-9
http://doi.org/10.3389/fmicb.2017.01910
http://www.ncbi.nlm.nih.gov/pubmed/29075236
http://doi.org/10.1016/bs.aambs.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30798801
http://doi.org/10.2217/fmb-2019-0072
http://www.ncbi.nlm.nih.gov/pubmed/31271064
http://doi.org/10.1089/fpd.2008.0248
http://doi.org/10.1016/j.ijfoodmicro.2014.02.018
http://doi.org/10.1128/AEM.00442-08
http://doi.org/10.1089/fpd.2008.0085
http://www.ncbi.nlm.nih.gov/pubmed/18713061
http://doi.org/10.3389/fmicb.2020.01505
http://doi.org/10.1128/MMBR.00034-19
http://www.ncbi.nlm.nih.gov/pubmed/31484692
http://doi.org/10.1128/JB.185.19.5722-5734.2003
http://www.ncbi.nlm.nih.gov/pubmed/13129943
http://doi.org/10.1128/IAI.74.2.876-886.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428730
http://doi.org/10.1128/IAI.01205-08
http://doi.org/10.1099/mic.0.000808
http://doi.org/10.1038/nature08080
http://doi.org/10.1128/JB.00904-07


Pathogens 2021, 10, 411 23 of 25

30. Chan, Y.C.; Hu, Y.; Chaturongakul, S.; Files, K.D.; Bowen, B.M.; Boor, K.J.; Wiedmann, M. Contributions of two-component
regulatory systems, alternative sigma factors, and negative regulators to Listeria monocytogenes cold adaptation and cold growth.
J. Food Prot. 2008, 71, 420–425. [CrossRef]

31. Mujahid, S.; Orsi, R.H.; Boor, K.J.; Wiedmann, M. Protein level identification of the Listeria monocytogenes sigma H, sigma L, and
sigma C regulons. BMC Microbiol. 2013, 13, 156. [CrossRef] [PubMed]

32. Vivancos, A.P.; Guell, M.; Dohm, J.C.; Serrano, L.; Himmelbauer, H. Strand-specific deep sequencing of the transcriptome. Genome
Res. 2010, 20, 989–999. [CrossRef]

33. Orsi, R.H.; Bergholz, T.M.; Wiedmann, M.; Boor, K.J. The Listeria monocytogenes strain 10403S BioCyc database. Database 2015,
2015. [CrossRef]

34. Rutherford, K.; Parkhill, J.; Crook, J.; Horsnell, T.; Rice, P.; Rajandream, M.A.; Barrell, B. Artemis: Sequence visualization and
annotation. Bioinformatics 2000, 16, 944–945. [CrossRef] [PubMed]

35. Zuber, P. Management of oxidative stress in Bacillus. Annu. Rev. Microbiol. 2009, 63, 575–597. [CrossRef]
36. Nystrom, T. Stationary-phase physiology. Annu. Rev. Microbiol. 2004, 58, 161–181. [CrossRef]
37. Milecka, D.; Samluk, A.; Wasiak, K.; Krawczyk-Balska, A. An essential role of a ferritin-like protein in acid stress tolerance of

Listeria monocytogenes. Arch. Microbiol. 2015, 197, 347–351. [CrossRef] [PubMed]
38. Dussurget, O.; Dumas, E.; Archambaud, C.; Chafsey, I.; Chambon, C.; Hébraud, M.; Cossart, P. Listeria monocytogenes ferritin

protects against multiple stresses and is required for virulence. FEMS Microbiol. Lett. 2005, 250, 253–261. [CrossRef]
39. Olsen, K.N.; Larsen, M.H.; Gahan, C.G.; Kallipolitis, B.; Wolf, X.A.; Rea, R.; Hill, C.; Ingmer, H. The Dps-like protein Fri of Listeria

monocytogenes promotes stress tolerance and intracellular multiplication in macrophage-like cells. Microbiology 2005, 151, 925–933.
[CrossRef]

40. Rea, R.; Hill, C.; Gahan, C.G. Listeria monocytogenes PerR mutants display a small-colony phenotype, increased sensitivity to
hydrogen peroxide, and significantly reduced murine virulence. Appl. Environ. Microbiol. 2005, 71, 8314–8322. [CrossRef]

41. Arnold, A.R.; Barton, J.K. DNA protection by the bacterial ferritin Dps via DNA charge transport. J. Am. Chem. Soc. 2013, 135,
15726–15729. [CrossRef] [PubMed]

42. Lei, Y.; Oshima, T.; Ogasawara, N.; Ishikawa, S. Functional analysis of the protein Veg, which stimulates biofilm formation in
Bacillus subtilis. J. Bacteriol. 2013, 195, 1697–1705. [CrossRef]

43. Guedon, E.; Moore, C.M.; Que, Q.; Wang, T.; Ye, R.W.; Helmann, J.D. The global transcriptional response of Bacillus subtilis to
manganese involves the MntR, Fur, TnrA and sigmaB regulons. Mol. Microbiol. 2003, 49, 1477–1491. [CrossRef]

44. Akbar, S.; Lee, S.Y.; Boylan, S.A.; Price, C.W. Two genes from Bacillus subtilis under the sole control of the general stress
transcription factor sigmaB. Microbiology 1999, 145 Pt 5, 1069–1078. [CrossRef]

45. Angelidis, A.S.; Smith, L.T.; Hoffman, L.M.; Smith, G.M. Identification of opuC as a chill-activated and osmotically activated
carnitine transporter in Listeria monocytogenes. Appl. Environ. Microbiol. 2002, 68, 2644–2650. [CrossRef] [PubMed]

46. Watson, D.; Sleator, R.D.; Casey, P.G.; Hill, C.; Gahan, C.G. Specific osmolyte transporters mediate bile tolerance in Listeria
monocytogenes. Infect. Immun. 2009, 77, 4895–4904. [CrossRef]

47. van der Veen, S.; van Schalkwijk, S.; Molenaar, D.; de Vos, W.M.; Abee, T.; Wells-Bennik, M.H. The SOS response of Listeria
monocytogenes is involved in stress resistance and mutagenesis. Microbiology 2010, 156, 374–384. [CrossRef]

48. Wang, S.; Orsi, R.H.; Tang, S.; Zhang, W.; Wiedmann, M.; Boor, K.J. Phosphotransferase system-dependent extracellular growth of
Listeria monocytogenes is regulated by alternative sigma factors sigmaL and sigmaH. Appl. Environ. Microbiol. 2014, 80, 7673–7682.
[CrossRef]

49. Gomes, C.S.; Izar, B.; Pazan, F.; Mohamed, W.; Mraheil, M.A.; Mukherjee, K.; Billion, A.; Aharonowitz, Y.; Chakraborty, T.; Hain, T.
Universal stress proteins are important for oxidative and acid stress resistance and growth of Listeria monocytogenes EGD-e
in vitro and in vivo. PLoS ONE 2011, 6, e24965. [CrossRef]

50. Chang, W.; Toghrol, F.; Bentley, W.E. Toxicogenomic response of Staphylococcus aureus to peracetic acid. Environ. Sci. Technol.
2006, 40, 5124–5131. [CrossRef]

51. Fraser, K.R.; Sue, D.; Wiedmann, M.; Boor, K.; O’Byrne, C.P. Role of sigmaB in regulating the compatible solute uptake systems
of Listeria monocytogenes: Osmotic induction of opuC is sigmaB dependent. Appl. Environ. Microbiol. 2003, 69, 2015–2022.
[CrossRef]

52. Sue, D.; Boor, K.J.; Wiedmann, M. Sigma(B)-dependent expression patterns of compatible solute transporter genes opuCA and
lmo1421 and the conjugated bile salt hydrolase gene bsh in Listeria monocytogenes. Microbiology 2003, 149, 3247–3256. [CrossRef]

53. Choi, S.K.; Saier, M.H., Jr. Regulation of sigL expression by the catabolite control protein CcpA involves a roadblock mechanism
in Bacillus subtilis: Potential connection between carbon and nitrogen metabolism. J. Bacteriol. 2005, 187, 6856–6861. [CrossRef]
[PubMed]

54. Servant, P.; Le Coq, D.; Aymerich, S. CcpN (YqzB), a novel regulator for CcpA-independent catabolite repression of Bacillus
subtilis gluconeogenic genes. Mol. Microbiol. 2005, 55, 1435–1451. [CrossRef]

55. Brantl, S.; Licht, A. Characterisation of Bacillus subtilis transcriptional regulators involved in metabolic processes. Curr. Protein.
Pept. Sci. 2010, 11, 274–291. [CrossRef] [PubMed]

56. Horsburgh, G.J.; Atrih, A.; Williamson, M.P.; Foster, S.J. LytG of Bacillus subtilis is a novel peptidoglycan hydrolase: The major
active glucosaminidase. Biochemistry 2003, 42, 257–264. [CrossRef] [PubMed]

http://doi.org/10.4315/0362-028X-71.2.420
http://doi.org/10.1186/1471-2180-13-156
http://www.ncbi.nlm.nih.gov/pubmed/23841528
http://doi.org/10.1101/gr.094318.109
http://doi.org/10.1093/database/bav027
http://doi.org/10.1093/bioinformatics/16.10.944
http://www.ncbi.nlm.nih.gov/pubmed/11120685
http://doi.org/10.1146/annurev.micro.091208.073241
http://doi.org/10.1146/annurev.micro.58.030603.123818
http://doi.org/10.1007/s00203-014-1053-4
http://www.ncbi.nlm.nih.gov/pubmed/25352185
http://doi.org/10.1016/j.femsle.2005.07.015
http://doi.org/10.1099/mic.0.27552-0
http://doi.org/10.1128/AEM.71.12.8314-8322.2005
http://doi.org/10.1021/ja408760w
http://www.ncbi.nlm.nih.gov/pubmed/24117127
http://doi.org/10.1128/JB.02201-12
http://doi.org/10.1046/j.1365-2958.2003.03648.x
http://doi.org/10.1099/13500872-145-5-1069
http://doi.org/10.1128/AEM.68.6.2644-2650.2002
http://www.ncbi.nlm.nih.gov/pubmed/12039715
http://doi.org/10.1128/IAI.00153-09
http://doi.org/10.1099/mic.0.035196-0
http://doi.org/10.1128/AEM.02530-14
http://doi.org/10.1371/journal.pone.0024965
http://doi.org/10.1021/es060354b
http://doi.org/10.1128/AEM.69.4.2015-2022.2003
http://doi.org/10.1099/mic.0.26526-0
http://doi.org/10.1128/JB.187.19.6856-6861.2005
http://www.ncbi.nlm.nih.gov/pubmed/16166551
http://doi.org/10.1111/j.1365-2958.2005.04473.x
http://doi.org/10.2174/138920310791233396
http://www.ncbi.nlm.nih.gov/pubmed/20408793
http://doi.org/10.1021/bi020498c
http://www.ncbi.nlm.nih.gov/pubmed/12525152


Pathogens 2021, 10, 411 24 of 25

57. Burkholder, K.M.; Kim, K.P.; Mishra, K.K.; Medina, S.; Hahm, B.K.; Kim, H.; Bhunia, A.K. Expression of LAP, a SecA2-dependent
secretory protein, is induced under anaerobic environment. Microbes Infect 2009, 11, 859–867. [CrossRef]

58. Jagadeesan, B.; Koo, O.K.; Kim, K.P.; Burkholder, K.M.; Mishra, K.K.; Aroonnual, A.; Bhunia, A.K. LAP, an alcohol acetaldehyde
dehydrogenase enzyme in Listeria, promotes bacterial adhesion to enterocyte-like Caco-2 cells only in pathogenic species.
Microbiology 2010, 156, 2782–2795. [CrossRef] [PubMed]

59. Mahadevan, S.; Wright, A. A bacterial gene involved in transcription antitermination: Regulation at a rho-independent terminator
in the bgl operon of E. coli. Cell 1987, 50, 485–494. [CrossRef]

60. Nielsen, J.S.; Olsen, A.S.; Bonde, M.; Valentin-Hansen, P.; Kallipolitis, B.H. Identification of a sigma B-dependent small noncoding
RNA in Listeria monocytogenes. J. Bacteriol. 2008, 190, 6264–6270. [CrossRef] [PubMed]

61. Cortes, B.W.; Naditz, A.L.; Anast, J.M.; Schmitz-Esser, S. transcriptome sequencing of Listeria monocytogenes reveals major gene
expression changes in response to lactic acid stress exposure but a less pronounced response to oxidative stress. Front. Microbiol.
2019, 10, 3110. [CrossRef]

62. Marinho, C.M.; Dos Santos, P.T.; Kallipolitis, B.H.; Johansson, J.; Ignatov, D.; Guerreiro, D.N.; Piveteau, P.; O’Byrne, C.P. The
sigma(B)-dependent regulatory sRNA Rli47 represses isoleucine biosynthesis in Listeria monocytogenes through a direct interaction
with the ilvA transcript. RNA Biol. 2019, 16, 1424–1437. [CrossRef]

63. Mraheil, M.A.; Billion, A.; Mohamed, W.; Mukherjee, K.; Kuenne, C.; Pischimarov, J.; Krawitz, C.; Retey, J.; Hartsch, T.;
Chakraborty, T.; et al. The intracellular sRNA transcriptome of Listeria monocytogenes during growth in macrophages. Nucleic
Acids Res. 2011, 39, 4235–4248. [CrossRef] [PubMed]

64. Krajewski, S.S.; Isoz, I.; Johansson, J. Antibacterial and antivirulence effect of 6-N-hydroxylaminopurine in Listeria monocytogenes.
Nucleic Acids Res. 2017, 45, 1914–1924. [CrossRef] [PubMed]

65. Tanaka, Y.; Hipolito, C.J.; Maturana, A.D.; Ito, K.; Kuroda, T.; Higuchi, T.; Katoh, T.; Kato, H.E.; Hattori, M.; Kumazaki, K.; et al.
Structural basis for the drug extrusion mechanism by a MATE multidrug transporter. Nature 2013, 496, 247–251. [CrossRef]

66. Warren, M.A.; Kucharski, L.M.; Veenstra, A.; Shi, L.; Grulich, P.F.; Maguire, M.E. The CorA Mg2+ transporter is a homotetramer. J.
Bacteriol. 2004, 186, 4605–4612. [CrossRef] [PubMed]

67. van Sinderen, D.; Luttinger, A.; Kong, L.; Dubnau, D.; Venema, G.; Hamoen, L. comK encodes the competence transcription factor,
the key regulatory protein for competence development in Bacillus subtilis. Mol. Microbiol. 1995, 15, 455–462. [CrossRef] [PubMed]

68. Drzewiecki, K.; Eymann, C.; Mittenhuber, G.; Hecker, M. The yvyD gene of Bacillus subtilis is under dual control of sigmaB and
sigmaH. J. Bacteriol. 1998, 180, 6674–6680. [CrossRef]

69. Feaga, H.A.; Kopylov, M.; Kim, J.K.; Jovanovic, M.; Dworkin, J. Ribosome dimerization protects the small subunit. J. Bacteriol.
2020, 202. [CrossRef]

70. Budde, B.B.; Jakobsen, M. Real-time measurements of the interaction between single cells of Listeria monocytogenes and nisin on a
solid surface. Appl. Environ. Microbiol. 2000, 66, 3586–3591. [CrossRef]

71. Cheng, C.; Yang, Y.; Dong, Z.; Wang, X.; Fang, C.; Yang, M.; Sun, J.; Xiao, L.; Fang, W.; Song, H. Listeria monocytogenes varies
among strains to maintain intracellular pH homeostasis under stresses by different acids as analyzed by a high-throughput
microplate-based fluorometry. Front. Microbiol. 2015, 6, 15. [CrossRef]

72. Hoper, D.; Volker, U.; Hecker, M. Comprehensive characterization of the contribution of individual SigB-dependent general stress
genes to stress resistance of Bacillus subtilis. J. Bacteriol. 2005, 187, 2810–2826. [CrossRef]

73. Fiorini, F.; Stefanini, S.; Valenti, P.; Chiancone, E.; De Biase, D. Transcription of the Listeria monocytogenes fri gene is growth-phase
dependent and is repressed directly by Fur, the ferric uptake regulator. Gene 2008, 410, 113–121. [CrossRef]

74. Polidoro, M.; De Biase, D.; Montagnini, B.; Guarrera, L.; Cavallo, S.; Valenti, P.; Stefanini, S.; Chiancone, E. The expression of
the dodecameric ferritin in Listeria spp. is induced by iron limitation and stationary growth phase. Gene 2002, 296, 121–128.
[CrossRef]

75. Dover, S.; Halpern, Y.S. Control of the pathway of -aminobutyrate breakdown in Escherichia coli K-12. J. Bacteriol. 1972, 110,
165–170. [CrossRef] [PubMed]

76. Eisenreich, W.; Dandekar, T.; Heesemann, J.; Goebel, W. Carbon metabolism of intracellular bacterial pathogens and possible
links to virulence. Nat. Rev. Microbiol. 2010, 8, 401–412. [CrossRef] [PubMed]

77. Feehily, C.; O’Byrne, C.P.; Karatzas, K.A. Functional gamma-Aminobutyrate Shunt in Listeria monocytogenes: Role in acid
tolerance and succinate biosynthesis. Appl. Environ. Microbiol. 2013, 79, 74–80. [CrossRef] [PubMed]

78. Gopal, S.; Srinivas, V.; Zameer, F.; Kreft, J. Prediction of proteins putatively involved in the thiol: Disulfide redox metabolism of a
bacterium (Listeria): The CXXC motif as query sequence. Silico. Biol. 2009, 9, 407–414. [CrossRef] [PubMed]

79. Gopal, S.; Borovok, I.; Ofer, A.; Yanku, M.; Cohen, G.; Goebel, W.; Kreft, J.; Aharonowitz, Y. A multidomain fusion protein
in Listeria monocytogenes catalyzes the two primary activities for glutathione biosynthesis. J. Bacteriol. 2005, 187, 3839–3847.
[CrossRef]

80. Loi, V.V.; Rossius, M.; Antelmann, H. Redox regulation by reversible protein S-thiolation in bacteria. Front. Microbiol. 2015, 6, 187.
[CrossRef]

81. Reniere, M.L.; Whiteley, A.T.; Hamilton, K.L.; John, S.M.; Lauer, P.; Brennan, R.G.; Portnoy, D.A. Glutathione activates virulence
gene expression of an intracellular pathogen. Nature 2015, 517, 170–173. [CrossRef]

82. Guariglia-Oropeza, V.; Orsi, R.H.; Yu, H.; Boor, K.J.; Wiedmann, M.; Guldimann, C. Regulatory network features in Listeria
monocytogenes-changing the way we talk. Front. Cell Infect. Microbiol. 2014, 4, 14. [CrossRef] [PubMed]

http://doi.org/10.1016/j.micinf.2009.05.006
http://doi.org/10.1099/mic.0.036509-0
http://www.ncbi.nlm.nih.gov/pubmed/20507888
http://doi.org/10.1016/0092-8674(87)90502-2
http://doi.org/10.1128/JB.00740-08
http://www.ncbi.nlm.nih.gov/pubmed/18621897
http://doi.org/10.3389/fmicb.2019.03110
http://doi.org/10.1080/15476286.2019.1632776
http://doi.org/10.1093/nar/gkr033
http://www.ncbi.nlm.nih.gov/pubmed/21278422
http://doi.org/10.1093/nar/gkw1308
http://www.ncbi.nlm.nih.gov/pubmed/28062853
http://doi.org/10.1038/nature12014
http://doi.org/10.1128/JB.186.14.4605-4612.2004
http://www.ncbi.nlm.nih.gov/pubmed/15231793
http://doi.org/10.1111/j.1365-2958.1995.tb02259.x
http://www.ncbi.nlm.nih.gov/pubmed/7783616
http://doi.org/10.1128/JB.180.24.6674-6680.1998
http://doi.org/10.1128/JB.00009-20
http://doi.org/10.1128/AEM.66.8.3586-3591.2000
http://doi.org/10.3389/fmicb.2015.00015
http://doi.org/10.1128/JB.187.8.2810-2826.2005
http://doi.org/10.1016/j.gene.2007.12.007
http://doi.org/10.1016/S0378-1119(02)00839-9
http://doi.org/10.1128/JB.110.1.165-170.1972
http://www.ncbi.nlm.nih.gov/pubmed/4552985
http://doi.org/10.1038/nrmicro2351
http://www.ncbi.nlm.nih.gov/pubmed/20453875
http://doi.org/10.1128/AEM.02184-12
http://www.ncbi.nlm.nih.gov/pubmed/23064337
http://doi.org/10.3233/ISB-2009-0409
http://www.ncbi.nlm.nih.gov/pubmed/22430441
http://doi.org/10.1128/JB.187.11.3839-3847.2005
http://doi.org/10.3389/fmicb.2015.00187
http://doi.org/10.1038/nature14029
http://doi.org/10.3389/fcimb.2014.00014
http://www.ncbi.nlm.nih.gov/pubmed/24592357


Pathogens 2021, 10, 411 25 of 25

83. Ake, F.M.; Joyet, P.; Deutscher, J.; Milohanic, E. Mutational analysis of glucose transport regulation and glucose-mediated
virulence gene repression in Listeria monocytogenes. Mol. Microbiol. 2011, 81, 274–293. [CrossRef]

84. Arous, S.; Buchrieser, C.; Folio, P.; Glaser, P.; Namane, A.; Hebraud, M.; Hechard, Y. Global analysis of gene expression in an
rpoN mutant of Listeria monocytogenes. Microbiology 2004, 150, 1581–1590. [CrossRef]

85. Rabinovich, L.; Sigal, N.; Borovok, I.; Nir-Paz, R.; Herskovits, A.A. Prophage excision activates Listeria competence genes that
promote phagosomal escape and virulence. Cell 2012, 150, 792–802. [CrossRef] [PubMed]

86. Jaradat, Z.W.; Bhunia, A.K. Glucose and nutrient concentrations affect the expression of a 104-kilodalton Listeria adhesion protein
in Listeria monocytogenes. Appl. Environ. Microbiol. 2002, 68, 4876–4883. [CrossRef]

87. Santiago, N.I.; Zipf, A.; Bhunia, A.K. Influence of temperature and growth phase on expression of a 104-kilodalton Listeria
adhesion protein in Listeria monocytogenes. Appl. Environ. Microbiol. 1999, 65, 2765–2769. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1365-2958.2011.07692.x
http://doi.org/10.1099/mic.0.26860-0
http://doi.org/10.1016/j.cell.2012.06.036
http://www.ncbi.nlm.nih.gov/pubmed/22901809
http://doi.org/10.1128/AEM.68.10.4876-4883.2002
http://doi.org/10.1128/AEM.65.6.2765-2769.1999
http://www.ncbi.nlm.nih.gov/pubmed/10347076

	Introduction 
	Materials and Methods 
	Strains and Growth Conditions 
	RNA Isolation, Integrity, and Quality Assessment 
	mRNA Enrichment 
	Preparation of cDNA Fragment Libraries and RNA-Seq 
	RNA-Seq Alignment and Coverage 
	RNA-Seq Normalization 
	Differential Expression Analysis 
	Gene Ontology (GO) Enrichment Analysis 
	Identification of Pathways Regulated by Alternative Sigma Factors 
	Identification of Noncoding RNAs, 5' and 3' Transcript Ends, and Putative Promoters 

	Results 
	Transcripts for Genes Involved in Protein Synthesis, Generation of a Free Energy Source in the Form of NADPH, and Stress Response Are Highly Abundant during Stationary Phase Growth 
	Identification of Transcriptional Units, Putative Promoters, and UTRs 
	Clusters of Genes with Similar Patterns of Alternative  Factor-Dependent Transcript Levels Show Enrichment for Specific Biological Functions 
	Differential Expression Analysis Reveals a Large Regulon Positively Regulated by B as Well as a Large Regulon Negatively Regulated by L 
	B Directly Regulates a Large Number of Genes Involved in a Variety of Different Pathways 
	While a Considerable Number of Genes Encoding Sugar Transport and/or Catabolism Are Upregulated in the Strain Expressing L, None Are Preceded by an Identifiable L-Dependent Promotor 
	The H Regulon Overlaps with other Alternative  Factor Regulons, but Solely Regulates Genes Associated with DNA Transformation/Competence 
	C Largely Regulates Genes That Have Not yet been Assigned Specific Functions and Has a Regulon That Shows Considerable Overlap with the Regulons for other Alternative  Factors 
	A Number of Genes Presented Complex Expression Patterns Suggesting Epistatic and Additive Effects among Alternative  Factors 
	B and L Regulate Genes That Appear to Represent an Energy Metabolism Network 
	Five of More Than 100 ncRNAs Identified Are B Dependent 
	Both B and H Regulate the Transcription of Long 5' UTRs 

	Discussion 
	Transcripts of Genes Involved in Stress Response Are Among the Most Abundant under Stationary Phase 
	B Has Broad Effects on Multiple Pathways That Can Be Linked to Stress Response 
	L and H Show Positive Regulation of More Narrow and Targeted Pathways than the B Regulon 
	Epistatic and Additive Interactions among the Alternative  Factors Regulate a Number of Genes and Functions, Including the Gene Encoding the Listeria Adhesion Protein (LAP), Involved in Listeria Virulence 

	Conclusions 
	References

